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Crystalline alumina films prepared by nebulized spray pyrolysis 

P MURUGAVEL, BENEDICT ITA^ and A R RAJU* 

Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research, 
Bangalore 560 064, India 

^Chemistry Department, University of Calabar, Calabar, Nigeria 
MS received 20 January 1998 

Abstract. Crystalline alumina films have been successfully deposited on Si(lOO) and amorphous silica 
substrates by the nebulized spray pyrolysis technique. The surface morphology of the films has been studied 
by various microscopic techniques. The films exhibit satisfactory microhardness and frequency independent 
capacitance. 

Keywords. Crystalline alumina; nebulized spray pyrolysis; SEM; AFM; microhardness. 


1. Introduction 

Alumina films are of considerable interest because of 
their potential applications for wear resistant coatings 
and optical coating^.. Amorphous alumina thin films have 
been prepared on glass as well as Si(lOO) by chemical 
vapour deposition from aluminum acetylacetonate 
(Maruyama and Arai 1992). Metal organic chemical 
vapour deposition by using precursors such as aluminium 
fm-dipivaloylmethanate (Kim et al 1993; Ciliberto et al 
1995), also yields amorphous films on silicon and glass 
substrates. Single crystalline gamma alumina films have 
been grown on silicon substrates by metalorganic mo¬ 
lecular beam epitaxy using aluminum alkoxide (lizuka 
et al 1992), while heteroepitaxial gamma alumina films 
are obtained with trimethyl aluminum (Ishida et al 1988). 
CVD of alumina on silicon substrates by using aluminurfi 
trichloride gives films of k-AIjOj which transforms to 
a-Al 203 on being heated to higher temperatures of 
1200-1350 K (Fredriksson and Carlsson 1993). By ion- 
beam-induced chemical vapour deposition, trimethyl 
aluminum gives crystalline a-AljO, films at 1273 K 
(Caballero et al 1996), We were interested in exploring 
whether crystalline alumina films could be obtained by 
employing the simple technique of nebulized spray 
pyrolysis. 

2. Experimental 

The technique of nebulized spray pyrolysis for depositing 
thin films by employing a home built apparatus has been 
described elsewhere (Raju et al 1995; Aiyer et al 1997). 
The apparatus consists of two zones: (i) the atomization 
chamber and (ii) the pyrolysis reactor. The source liquid 
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with a PZT transducer at the bottom which oscillates at 
a frequency of 1-72 MHz. Aluminium acetylacetonate in 
a methanol solvent (0 05 M) was employed for all the 
depositions. When a high-frequency ultrasonic beam is 
directed at the liquid/gas interface, a geyser forms at 
the surface of the liquid and the height of the geyser 
is proportional to the acoustic intensity and the physical 
properties of the liquid (vapour pressure, viscosity and 
surface tension). When the amplitude of the acoustic 
vibrations exceeds a certain threshold value, atomization 
of the liquid occurs. Above this threshold, a continuous 
and regular mist is generated. The mist is carried by 
the carrier gas (dry air in the present case) to the 
pyrolysis reactor zone onto a pre-heated substrate leading 
to the mist decomposition and the film formation on 
the substrate. We have used single crystal Si(]00) as 
well as polished amorphous silica as the substrates in 
the present study. 

Alumina films were characterized by X-ray diffraction, 
scanning electron microscopy (SEM), electron diffrac¬ 
tion, atomic force microscopy (AFM), capacitance mea¬ 
surements and dynamic hardness measurements. A Seifert 
3000 X-ray powder diffractometer with Cu-Ka radiation 
(grazing incident geometry) was employed for X-ray 
diffraction studies, A Leica S440i SEM was used for 
microstructure studies. Nanoscope II fitted with AFM 
was used to study the surfaces of the films at high- 
resolution. Capacitance and tan 5 were measured 
between 100 Hz and 10 MHz with HP4296 automatic 
impedance analyser. Shimadzu dynamic ultra micro¬ 
hardness instrument (DUH 200) was employed to study 
microhardness of the films. The method of measuring 
hardness using nano indentation involves making 
small indentation using Berkovich indentor, while 
continuouslv recordins: the indentation load P(pf\ and 
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in accordance with the shape of the indentor (indentation 
factor). 


3. Results and discussion 

We have examined morphology of the AI 2 O 3 films 
deposited at 673 K on Si(lOO) substrates by both SEM 
and APM. We show the SEM image in figure la and 
a surface plot from AFM in figure 2a. The surface of 
the film is quite smooth, consisting of very small well- 
connected grains of less than 100 nm size, as seen from 
the AFM surface plot. The surface roughness measured 
from the AFM surface plot is around 5-75 nm. The 
thickness of AI 2 O 3 film on the .Si(lOO) substrate as 
obtained from the cross sectional SEM image shown in 
figure lb is around 375 nm. 

The SEM image of an alumina film deposited on 
amorphous silica at 673 K is shown in figure 3a. The 
high-resolution AFM surface plot, given in figure 2b 
shows the presence of smaller grains (< 50 nm). These 
grains are significantly smaller than those in case of 
AI 2 O 3 films deposited on Si(lOO) substrates. The surface 
roughness measured from the AFM surface plot is around 
7-13 nm. The thickness of alumina film on amorphous 


Figure 1. a. Scanning electron micrograph of an AI 2 O 3 film 
deposited on Si(lOO), b. cross sectional SEM micrograph of 
the ALO, film deposited on Si(lOO) (film thickness is 350 nm) 
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silica substrate is around 753 nm as delineated from the 
cross sectional SEM image in figure 3b. 

The as-grown alumina films on both Si(lOO) and 
amorphous silica substrates were amorphous. After heat¬ 
ing the film deposited on silica at 973 K for 12 h, we 
obtained the X-ray diffraction pattern shown in figure 
4. The pattern corresponding to the K-phase. We did not 
see any reflections in the X-ray diffraction pattern of 
the alumina films deposited on Si(lOO) substrates at 
673 K since the films were very thin. The electron 
diffraction pattern (figure Ic) of a peeled portion of the 
annealed alumina film however revealed alumina was in 
the K-phase. 

In figure 5 we show the variation of dielectric properties 
with frequency (100 Hz-5 MHz) of AI 2 O 3 films on Si(lOO) 
as well as SiO, substrates. There is only little variation 
in the capacitance with frequency, whereas the tan 5 
increase at higher frequency in the case of the film on 
Si and decreases with frequency in the film on SiOj. 



Point to Pqlnt 
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Figure 3. a. Scanning electron micrograph of an AI 2 O 3 film 


We have measured the dynamic microhardness of the 
alumina films deposited on Si(lOO) and amorphous silica 
substrate with a 50 mg load applied over 10 sec. We 
obtained a hardness value as high as 2010 in dynamic 
hardness unit (DHU) and an average of 1330 DHU from 
10 measurements on different areas of the alumina film 
deposited on Si(lOO) substrate. However, the maximum 
hardness value of the film deposited on amorphous silica 
substrate was 2610 DHU with an average value of 1655 
DHU from 10 measurements. 


4. Conclusions 

We have deposited alumina films on Si(lOO) as well as 



Figure 4. X-ray dilTraction pattern (6-0 scan) of an Al ,03 
film deposited at 673 K on amorphous silica substrate and 
annealed at 973 K For 12 h. 
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SiOj substrates by nebulized spray pyrolysis using 
aluminium acetylacetonate as the precursor. The as- 
deposited films are amorphous and crystallize to k- 
alumina after annealing the films at 973 K for 12 h. 
Dielectric measurements show variation of the capacitance 
with frequency in the films to be small, suggesting that 
they may be useful for high frequency capacitor appli¬ 
cations. The average dynamic microhardness of the films 
deposited on Si(lOO) and SiOj is substantial. 
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The epitaxial growth of Ag on Si(lll)-(7x7) surface and its 
X V^)-R30 surface phase transformation 
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^Present address: Applied Chemistry Division, Bhabha Atomic Research Centre, Kalpakkam 603 102, India 

MS received 14 August 1997 

Abstract. Ag is adsorbed in ultra-high vacuum on to the (7x7) reconstructed Si(lll) surface with 
submonolayer coverage control with a deposition rate of 3-3 x 10*^ atoms/cmVsec. The initial stages of growth 
and intermediate equilibrium phase formation are determined by using low energy electron diffraction 
(LEED) and X-ray photoelectron diffraction (XPD) for structural information, and auger electron spectroscopy 
(AES) and electron energy loss spectroscopy (EELS) for composition and interaction analyses. Room 
temperature (RT) adsorption results in the nearly epitaxial (1 x 1) surface phase growth in the simultaneous 
multi-layer growth mode. The quenching of the dangling bond states during adsorption is observed by 
monitoring the p-character of the Si LVV auger peak. For depositions carried out at high temperatures 
(HT), several plateaus in the auger uptake curve with the (^x^lT)-R30° LEED structures are formed. It 
is observed that a minimum coverage of 0-33 monolayer (ML) is required for the formation of the 
(V^x>^) phase and this phase causes the reappearance of the p-electron-related states that were quenched 
by 10 ML adsorption at RT. However the (VJ^xV^) is observed for higher coverages (0-66 and 10 ML) 
also. The polar angle anisotropy of Si(2p) emission in XPD indicates the rearrangement of substrate Si 
atoms for the formation of the (V^x phase. The EELS data also shows relevant changes due to adsorption 
of Ag at RT and upon annealing. The results suggest the importance of controlled deposition parameters, 
the lack of which may have kept the determination of the nature and coverage of the (Vs^xVs) surface 
phase unresolved in literature. 

Keywords. Solid phase epitaxy; metal-semiconductor interfaces; surface phase transitions; Auger electron 
spectroscopy; low energy electron diffraction; X-ray photoelectron diffraction. 


1. Introduction 

Motivated by the need to produce high performance and 
reliable devices of diminishing size, the VLSI/ULSI R&D 
has encouraged the studies of extremely low-dimensional 
structures. Modern growth techniques with submonolayer 
control of structure, composition and doping, enable the 
synthesis of new materials with novel properties 
(Gossmann and Schubert 1993). Of the many issues 
under this broad scheme, the semiconductor to metal 
contact remains one of the principal priorities for 
metallization (Ohmic contacts, Schottky barrier control) 
or delta-doped and buried layer structures. The precise 
relationship between the crystallographic structure, the 
chemical composition and the electrical properties at the 
boundary between metal and semiconductors are of critical 
technological and fundamental interest (Monch 1990). 
Most of the conventional theoretical treatments of 
metal/semiconductor interfaces have made the key 
assumption that the interface is well ordered and perfectly 
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abrupt on an atomic scale. But in reality, strong chemical 
interactions, intermixing and diffusion occur at surfaces 
which necessitate a re-evaluation of conventional ideas, 
both theoretically and experimentally. Due to the stringent 
experimental requirements for the formation and accurate 
characterization of the interfaces, precise control of the 
very initial stages of growth are observed to determine 
the nature of growth (Shivaprasad et al 1995, 1997). 

Of the several metals on Si systems studied in the 
last two decades, Ag/Si the prototype system, has been 
the most intensively studied mainly due to minimal 
chemical interaction between the two elements on both 
Si(in) and (100) surfaces. The 81(111) surface attracted 
more attention (Le Lay 1983; Lifshits et al 1994), initially 
due to the early observation of the (Vs"x V3) superstruc¬ 
ture, while the Si (100) was said to be without any new 
superstructure. However, with improvements in experi¬ 
mental techniques and cohtrol of deposition parameters, 
the interest in these systems has been renewed and has 
led to the observation of new superstructural equilibrium 
states in the Ag/Si (100) (Shivaprasad et al 1995). 
Differences still exist in the details of the Ag/Si(lll) 
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at Ki and also rorm many equiiiDrium surrace phases ror 
the Mn/Si(lll) system (Shivaprasad et al 1997). 

1.1 The (VT X VT) structure 

Several results (Wan et al 1993) indicate that Ag grows 
at RT on Si(lll) (7x7) surface in the Stranski- 
Krastanov (S-K) mode. The nature and coverage of this 
intermediate 2-D has no consensus and is controversial 
in literature, with the (7 x 7) reconstruction observed to be 
vanishing in the formation process. At higher temperatures 
the S-K mode displays an intermediate layer of 
(VFx surface phase reconstruction. This recon¬ 

struction is the second smallest of the Si(lll) surface 
and occurs frequently in metal/Si interface systems (Kono 
1988). It has been established that the ('VJ^x V^) symmetry 
appears due to various atomic arrangements, depending 
on the energetics of the overlayer coverage (Northup 
1984; Kono 1994). In case of Gr. Ill and Gr. IV metals 
the atoms are recognized to be adsorbed at the two 
kinds of three-fold hollow sites T^ and Hj on Si(lll) 
(see figure 1) and require a coverage of 0-33 ML. How¬ 
ever, for Gr. V metals, the ("Vs”x VJ) was observed for 
a coverage of 1 ML which has been attributed to the 
presence of metal trimers centred above the T^ and 
three-fold hollow sites, referred to as the milk-stool 
model. In the Ag on Si(lll) case, the coverage of this 
structure has remained controversial and has reported 
values between 0-33 to 1 -0 ML and is recently said to 
be preparation history dependent (Raynerd et al 1992). 
A modified honeycomb-chained trimer (HCT) model 
(Katayama et <:zM991) with a Ag coverage of 0-66 ML 
has found wide acceptance (also shown in figure 1). In 
the present work, the Ag/Si(lll) system is studied with 
a view of addressing some of the unresolved issues. 

In this study it is observed that Ag grows epitaxially 
in the simultaneous multilayer mode at RT and assumes 
the S-K mode upon post-annealing or upon deposition 
at higher substrate temperatures with the intermediate 
layer having a (V^x VJ) structure. The moleculai'-beam 
evaporation is probed in situ with a multi-technique 
approach using auger electron spectroscopy (AES), low 
energy electron diffraction (LEED), X-ray photoelectron 
spectroscopy (XPS), electron energy loss spectroscopy 
(EELS) and X-ray photoelectron diffraction (XPD). The 
epitaxial (1x1) and the (V^xVF) structural phases 
observed are discussed in terms of the dangling bond 
manifestation and the coverages involved. 

2. Experimental 

The experiments were performed in two UHV systems; 
(i) a Varian VT-112 equipped with a single-pass 


in situ Ag aasorpiion, operating at a oase pressure oi 
3x10'" mbar, and (ii) a Perkin Elmer (PHI) system 
with a 280 mm HSA and a dual Anode (Mg/Al) K^ 
X-ray source and a 0-4 keV electron gun. Ag was 
evaporated from a water-cooled W-filament at a base 
pressure of 3 x lO""’ mbar. 

The Si substrates were suitably cut from Si(lll) 
p-type, 5-10 n-cm wafers and chemically cleaned by 
the modified Shiraki Process (Enta et al 1989) before 
being introduced in the UHV chambers. These samples 
were mounted on high-precision manipulators (with four 
degrees of freedom x, y, z, 9), designed to accurately 
place the sample in front of the sources, analyzer and 
LEED optics etc. The samples were heated in situ in 
the two UHV systems resistively and by electron bom¬ 
bardment respectively, to 1200°C for a few min and 
then annealed at 900°C for 20 min, to obtain a sharp 
(7x7) LEED and a characteristic XPD of Si(2p), 
respectively. The impurities like C and O were below 
the detection limits of AES and XPS. The cleanliness 
of the Si(lll) surface is also evident by the observation 
of at least seven multiple plasmon losses of 17 eV each 
in the EELS spectrum. The temperatures were measured 
by a thermocouple (for T < 500°C) and an optical 
pyrometer (for T>600°C). The Ag films were deposited 
on to the substrates with a slow deposition rate of 
typically 0-2 ML/min, where 1 ML corresponds to 
7'83 x lO''^ atoms/cm^ the atomic density of a 
bulk-terminated Si(lll) (1x1) surface. 

AES was measured by a single-pass CMA, with 0d8% 
energy resolution, using a primary beam energy of 
3 keV by lock-in techniques in the dNIdE mode, with 
peak-to-peak voltage of 10 V. EELS was measured by 
the same system in the second derivative mode for E^ 
of 250 eV with a peak-to-peak voltage of 2 V for improved 
resolution. The LEED patterns were observed in a 4-grid 
optics with electron beam energy varying from 20 eV 
to 500 eV. XPS data was acquired in the pulse counting 
mode by a computer interfaced to the 280 mm hemi¬ 
spherical analyzer with a typical pass-energy of 50 eV, 
using Mg K^ X-ray source at 1443-3 eV, while the 
valence band features were observed with a pass energy 
of 10 eV for better resolution. Polar Angle-XPD was 
performed by manually rotating the sample to change 
the angle about an axis passing through it and parallel 
to the surface by 2° steps. The flat response of the 
analyzer in the angular range studied and the acceptance 
angle of < 2° were ascertained beforehand. Though the 
experiments were performed in two different systems 
and probed by different techniques, identical preparation 
conditions were adopted and monitored for stoichiometry 
and coverage by AES in both cases. 



Epitaxial growth of Ag 


113 


3. Results and discussion 

The results obtained for RT deposition and those for 
higher temperatures are presented under two sub-sections 
(3.1 and 3.2) for clarity of presentation. The results are 
discussed in light of the various models shown in figure 
1 for the (Vs'x'VT) surface structural phase. 

3.1 Room temperature 

Figure 2 shows the Ag-uptake curve on the Si(lll) 
surface. The curve is obtained by rotating the samples 
to face the K-cell for Ag adsorption and then to the 
CMA to obtain the AES spectrum after each deposition. 


T4model Hsmodel 

(a) TOP 
VIEW 


SIDE 

VIEW 






Figure 1. Shows schematically the models for the adsorption 
sites of Ag (open circles) on the (1x1) Si (filled circles) 


The X-axis shows the time of deposition while the 
Y-axis is the Auger amplitude of the 92 eV LVV peak 
for Si and the 356 eV MNN transition for Ag. As more 
Ag is deposited, the Ag signal increases while the Si 
signal is reduced. The initial segment of the Ag amplitude, 
which is close to being linear, shows a change in slope 
at about a deposition time of = 5 min. This change in 
slope indicates the completion of the first adsorbed layer, 
after which the signal from the first layer is attenuated 
by the presence of the second layer atoms (Argile and 
Rhead 1989). The break in the linearity is clearer in 
the Ag signal than in the Si signal due to the varying 
depth of information in the two species. This not only 
provides a calibration for the first monolayer and 
deposition rate, but also clearly indicates that the first 
layer is flat and that the growth is not in the Volmer- 
Weber (Island) growth mode. The latter part of this 
curve appears to be linear as in the case of a simultaneous 
multilayer growth mode which will be discussed later. 

Figure 3a shows the LEED image at 50 eV of a clean 
Si(ll l)-(7 X 7) reconstructed surface while figure 3b 
shows the characteristic polar angle (PA-)XPD pattern 
of Si(lll) along (ITO) direction (Bishoff et al 1992). 
The LEED pattern taken at 50 eV incident beam energy 
shows clear six-fold symmetry in the (1x1) spots, 
between which are the six less intense spots manifesting 
the (7 X 7) reconstruction in reciprocal space. Figure 3b 
is the polar angle plot of the XPD signal, clearly showing 
the anisotropy in the Si(2/7) emission, due to the pre¬ 
dominant forward scattering of electrons, of these ener- 
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Figure 2. Adsorption of Ae on Si(lll) pioUed as the auger 




114 


S M Shivaprasad, Santanu Bera and Y Aparna 


gies, originating from one atom by the neighbouring 
atoms (Egelhoff 1990; Chambers 1991). Since the in¬ 
formation depth of the Si(2/.7) (= 1340eV) electrons in 
XPS is quite large, the pattern is not expected to manifest 
the reconstruction of the first few layers of the substrate. 

Figures 4a and b are respectively the LEED and XPD 
(polar angle) pattern modified after deposition of 1 ML 
of Ag. Though the experiments have been performed 
for several coverages, the 1 ML LEED and XPD patterns 
are presented as being representative. The LEED pattern 
shows clearly that now the (7 x 7) spots have disappeared 


while the (1x1) six-fold spots are weak but sharp 
(Kohomoto and Ichimiya 1987). However the dominant 
spots are the slightly elongated spots radially above each 
of the (1x1) spots. These spots are attributed to the 
Ag(lll) reflexes, which are commensurate with the 
Si(lll) (1 X 1) spots. This indicates that Ag is growing 
epitaxially on Si(lll) at these slow rates at RT (Bera 
and Shivaprasad 1995). This was also manifested in the 
AES uptake curve as a linearity of the later segment of 
the plot. However the Ag(lll) (1 x 1) reflexes are not 
sharp, and even show a weak full circle, indicating that 
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the Ag has adsorbed probably in the simultaneous 
multilayer growth mode, with several two-dimensional 
flat islands, with some misorientation between them 
(Bauer 1982). The (1x1) spots indicate that the Ag(ll 1) 
grows parallel to the Si(ll 1), with little chemical inter¬ 
action between the two elements at the interface. The 
corresponding PA-XPD in figure 4b, also shows signifi¬ 
cant changes in its features. Note that the XPD obtained 
in one quadrant experimentally has been presented by 
laterally inverting it in the other quadrant. This change 
in pattern can be attributed to the scattering of S\(2p) 
electrons by the presence of Ag adatoms. The presence 


of the Si(l X1) pattern in LEED dissuades us from 
interpreting the XPD results as due to the rearrangement 
of Si atoms in the first few layers. 

Figure 5 represents the Si LVV auger peak finger¬ 
printing results for both room temperature and higher 
temperature deposition. The deconvolution of the Si(LVV) 
auger peak in the N{E) mode, enables the extraction of 
the contribution of the /^-electron states to the Auger 
transition (Ramaker et al 1986). The density of the 
dangling bonds (valence band states), which are pre¬ 
dominantly p- in character, can thus be monitored by 
observing changes in the intensity of the corresponding 
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components. This becomes easily accessible in the Auger 
spectra acquired in the first derivative mode, since the 
upper excursion of the peak corresponds directly to the 
p-p electron state contribution and the lower ex¬ 

cursion is due to the s—s and s-p states Thus in 
figure 5 the plot of the ratio of the positive to the 
negative excursion of the Si (LVV) 92 eV peak 

as a function of Ag deposition, manifests the change in 
the valence band due to the changing dangling bond 
density. The figure shows clearly that the dangling bonds 
are quenched monotonically with increased Ag deposition, 
and reduce to zero intensity at 1 ML. This confirms the 
observations by LEED during deposition, where the l/7th 
order spots also diminish at 1 ML, removing the (7 x7) 
reconsh-uction. 

Figure 6 shows some EELS spectra obtained with 
primary energy of 650 eV, both during the Ag uptake 
sequence (a-d) and annealing (e-f) of a 5 ML Ag 
deposited system at different temperatures. The origins 
of all the loss peaks observed for clean Si(l]l) have 
been assigned previously (Ibach and Rowe 1974; Sharma 
et al 1988a). The clean Si(lll) (7x7) surface shows 
the characteristic loss to the 17 eV (fio)^) bulk plasmon 
and the 11 eV {Ti(o) surface plasmon, and an intraband 
transition at about 5 5 eV (E^). The loss of peaks at 
7-5 eV (S^) and 14-5 eV ( 53 ) are attributed to transitions 
involving surface states. As the deposition of Ag at RT 
proceeds, the Si surface-related peaks disappear quickly, 
while the bulk features decrease gradually. At the com- 



Deposition time in mins 

Figure 5. The ratio ol' iho upper excursion 10 ihc lower 
excursion (L.) of the 92 eV Si LVV peak obtained in the 


pletion of 1 ML of Ag deposition, the Ag-related peak 
excitations (Jaspard et al 1980) become prominent. At 
a coverage of 5 0 ML, the EELS pattern resembles that 
of bulk Ag with features at 4-5 eV and 7-5 eV. This has 
been explained to be due to strong transitions from the 
Ag d-band to states in the sp conduction band just above 
the Fermi level. The absence of the formation of any 
interfacial peak shows lack of interaction between the 
two species. The changes due to annealing of the system 
(e,f) will be discussed in the next section. 

3.2 High temperature 

In this section we discuss the effects of temperature on 
the structure of the Ag/Si(lll) system. As seen in figure 
4, the Si (1 X 1 ) and the disordered Ag (1x1) reflexes 
are clearly observed in the LEED pattern. After annealing 
to about 150°C, the rearrangement of the Ag and Si 
atoms are manifested in LEED and PA-XPD as shown 
in figures 7a and b, respectively. The LEED pattern 
shows that the Ag spots get sharper and the Si (1 x 1 ) 
spots also intensify, suggesting the enhancement of long 
range order of the surface structure. Though there are 
some new and sharp spots, the transition in this inter¬ 
mediate state is clearly not complete. The changes are 







suggesting a better ordering of the atoms in the overlayer 
and the substrate selvedge. 

Further annealing to about 250°C, completes the phase 
transition as seen in figure 8. Figure 8a shows a different, 
yet very sharp LEED pattern and the background is also 
considerably reduced, showing a homogeneity in this 
surface phase. The inner hexagon is clearly rotated by 
30° with respect to the outer hexagon whose side is 
■Vs” times the side of the inner hexagon and is termed 
as the (V^X V^)-R30°C-Ag pattern. The corresponding 
XPD pattern again changes in figure 8b which can either 
be due to scattering of the Si(2p) electrons by the 


substrate held at different substrate temperatures is pre¬ 
sented in figure 9. The curves clearly show that at higher 
temperatures, the Ag/Si auger ratio behaves differently, 
showing a sudden flattening at about 0-33 ML (1-0 ML 
coverage is attained by deposition time of 5 min), chara¬ 
cteristic of the Stranski-Krastanov growth mode. In this 
flat region corresponding to a surface structural phase, 
the LEED is observed to be (7 x 7), but with some 
modifications in intensity, suggesting possibly the 
(5(7 X 7) surface phase as reported earlier (Kohomoto and 
Ichimiya 1987; Shivaprasad et al 1997). For substrate 
temperature of 100°C, after 1 ML, the Ag again begins 
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Figure 7. a. The LEED paiiem of the 1 ML Ag/Si(lll) surface annealed to 
150°C showing an intermediate surface phase between the (1x1) and (3x3) 
and b. the corresponding XPD-PA pattern along (110). 




the next surface phase. Again for both the 100°C and 
150°C curves, it is clear that they show two more 
plateaus which also correspond to structural surface phases 
with (V^xVF) symmetry as observed by LEED. 

Figure 5 which consolidates the fingerprinting (/?- 
component study) results of the auger studies for the 
Ag deposition at room and higher temperatures shows 
the dangling bond intensity versus the deposition time. 
It is very clear from this figure that the +ve to -ve 
excursion ratio {LJLJ of the Si LVV 92 eV peak almost 
remains constant (with some scatter) around a ratio of 
015 for all temperatures and coverages. However for 
RT deposition this ratio has clearly decreased to 0 for 
1 ML deposition indicating the complete quenching of 


partially and the surface phase that gives the (v3 xv3) 
LEED pattern, actually causes the re-formation of the 
dangling bonds. The small amount of quenching also 
indicates a small coverage of Ag necessary to form the 
ordered surface phase, as seen in the plateau formation 
in figure 9. Annealing at 250°C shows that the plateau 
is for a coverage of 0-33 ML, on which excess Ag atoms 
agglomerate to form islands, thus occupying only a small 
fraction of the Si surface. 

The EELS spectra in figure 6 also shows the annealing 
sequence of the 5 ML Ag coverage deposited system at 
higher temperatures (curves e, f). The features show the 
re-occurrence of the Si bulk and surface plasmon-related 
features (Sharma et al 1988b). The dip before the 17 
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Figure 8. a. The LEED pattern of the (VTxV3) R-30 structural surface phase 
obtained by annealing 1 ML Ag/Si(Ul) system annealed to 250°C and b. the 
corresponding XPD pattern along (110) direction. 
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Coverage in ML 


Figure 9. The Ag uptake curve shown by plotting the 
Ag(LMM)/Si(LVV) peak intensity ratio, obtained for different 
substrate temperatures: (a) O, room temperature, (b) +, 100°C, 
(c) 0, 150°C and (d) A, 250°C. 

eV peak also deepens as in the clean Si case. However 
the features now appear slightly broadened. The widths 
of the observed peaks and shifts of the 12eV peak to 
11 eV and the peak at 8 eV to 7 eV in the case of 
curves e and f with different Ag coverages, may indicate 
the differences in the two structural phases. 


4. Conclusion 

The adsorption of sub-monolayer coverages of Ag onto 
Si(lll) surface is studied in situ by AES, LEED, XPD 
and EELS techniques. It is observed that Ag grows 
epitaxially on Si(l 11) with the Ag(l 11) parallel to Si(l 11) 
at RT. The />character of the Si auger emission (dangling 
bond states) are sharply quenched at 1-0 ML coverage. 
At higher substrate temperatures (or with post annealing), 
a <5(7 X 7) surface phase is observed for coverages lesser 
than that required for the onset of the (VJ^x ■n/T)-R 30° 
phase. The dangling bond states reappear in the 
(Vs’xVT) phase, and the EELS also assumes the clean 
Si features. The sharp (VTxVS) phase is seen at a 
minimum nf 0-22 MT. rnvP.rnPP.. The auffer uDtake curve 


of different atomic structures with characteristic densities, 
leading to the (VT x VF) phase. 

The presence of many models (Lifshits et al 1994) 
for the (VJx V^) phase of Ag/Si(lll) (7 x7) shows that 
the problem of determining the exact structure of a stable 
surface phase is still unresolved. Our experiments using 
a multi-technique approach and a careful observation of 
temperature dependence, suggest that the minimum cov¬ 
erage necessary to form the (VFx VJ) phase is 0-33 ML, 
while other subtle phases with different Ag density 
(coverages of 0-66 and 1 ML), but the same LEED 
pattern, are also observed. However, the new approach 
of looking at the p-electron contribution shows that 
though the dangling bonds are quenched by adsorption 
of Ag at RT epitaxially, the (VTxa/s”) phase shows the 
re-appearance of the p-electron character. This is observed 
by our EELS measurements also. Our PA-XPD has 
evidence for the rearrangement of Si substrate. It has 
been shown recently for the Ag/Si(l00) system, that a 
massive reconstruction of the Si substrate is observed 
by scanning tunneling microscopy (Wan et al 1993). 
Thus, further experiments are necessary to determine the 
atomic structural model for each of the coverage de¬ 
pendent stable surface phases that have the same 
X VT) LEED symmetry. Thus Ag of 0-33 ML probably 
results in the adsorption of adsorbates at the T^ and 
sites, while the 1 ML may be because of the Ag trimer 
adsorption at the above sites. There is also a stable 
(V^xVT) phase at 0-66 ML, which has been explained 
by the HCT model. The XPD patterns with adsorption 
and annealing show significant changes and since the 
scattering of Si(2y;) electrons from several layers by even 
0-33 ML Ag atoms may be small, the results suggest a 
restructuring of several layers of the substrate Si atoms 
also. 

A more complete polar and azimuthal angle XPD 
experiments with single/multiple scattering calculations 
and simultaneous probe with other complementary tech¬ 
niques are necessary to reveal the details of the surface 
phases. Detailed EELS experiments are underway to 
obtain further information on the electronic structures of 
the various phases. Observation of an epitaxial growth 
of Ag on Si(lll) at RT and the recent works on 
Ag/Si(100) (Shivaprasad et al 1995) and Mn/Si(lll) 
(Shivaprasad et al 1997) clearly indicate that a proper 
control of the deposition rate and temperature determine 
the formation of various surface phases, suggesting the 
need to re-examine many metal/semiconductor systems 
in general and metal/Si in particular. 
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Growth of anthraqumone crystals by gel aided solution technique 
and their characterization 
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Abstract. Anthraquinone, an oxidation product of anthracene, has been grovm by gel aided solution technique 
employing sodium metasilicate. Needle shaped crystals were obtained in 0-5% (w/v) solution of anthraquinone 
for pH 5-5. The grown crystals were characterized by optical microscopy, SEM, ER, UV and XRD. 

Keywords. Gel; solution; anthraquinone; crystal growth; oxidation; photoreaction. 


1. Introduction 

Derivatives of anthracene are convertible to other com¬ 
pounds by direct oxidation. Anthraquinone comes under 
this class of connpounds. Considerable work has been 
reported on the synthesis of anthraquinone by catalytic 
oxidation of anthraquinone (Ivan and William 1949; 
Owens 1958; Noboru et al 1969; Grozev cT al 1976; 
Chung 1978; Das and Nikhilendu 1982; Malik and 
Dohnal 1990; Pielichiouski et al 1992). The mesopositions 
in anthracene acquire the numbers 9 and 10, respectively. 
The successful outcome of the reaction is due to the 
special reactivity of the mesopositions and the greater 
stability of anthraquinone. The double bonds in the 
central ring are rendered inert by incorporation of oxygen 
in the terminal benzene rings (Louis and Mary 1960). 
Anthraquinone exhibits optical and photosemiconducting 
properties in addition to third harmonic generation (Yao 
1962; Grozev et al 1976; Mizoguchi and Venishi 1991). 
Anthraquinone crystallizes in the monoclinic system 
with space group P2/a («= 1-581, ^7 = 0-3942 and 
c = 0-7865 nm) with two molecules per unit cell. Here, 
we report the growth of anthraquinone observed during 
the growth of anthracene by the gel aided solution 
technique (Rajendra Babu et al 1998). The grown crystals 
are characterized by optical microscopy, SEM, IR, UV 
and XRD. 

2. Experimental 

The chemicals used in this study were of BDH/AR 
grade. Sodium metasilicate of gel density 1-05 gcm"^ 
was prepared, treated with glacial acetic acid in the pH 
ranpft 5—7-5 and mixp.d with acetone for different pel 


acetone ratios (2 ; 1, 3 ; 1, 4 : 1). The mixture was allowed 
to set. The mixtures with higher pH (> 6-5) were set 
within 48 h, whereas those with lower pH (5) took nearly 
one week. Over the set gels, 0-5% (w/v) solution of 
anthracene in acetone was incorporated as top solution. 
The samples were kept open to diffuse sunlight. Few 
samples were kept in a dark room. 

3. Results and discussion 

It was observed that the level of top solution decreased 
slightly during the first week due to slow evaporation 
and diffusion into the gel. Tiny transparent crystals were 
observed floating on the surface of the top solution. 
Within two weeks, yellow needles were found growing 
from the tiny transparent crystals. Formation of yellow 
needles of anthraquinone is found to depend on several 
factors. An important parameter which determined the 
yield of anthraquinone was the concentration of anthra¬ 
cene solution kept over the gel. Higher concentration 
(1%) of anthracene solution produces a large number of 
anthracene crystals on the gel surface and tiny needles 
of anthraquinone were formed after a long period (~ two 
months). A better yield of anthraquinone resulted in a 
solution of concentration 0-5% (w/v) within two weeks. 

A typical sample of gel, adjusted for pH 5, over which 
a few yellow needles of anthraquinone were formed is 
shown in figure lA. In this case, tiny crystals formed 
on the surface of the top solution moved down to gel 
surface and yellow needles of anthraquinone were grown 
from them. In certain other gel samples when the illu¬ 
mination was high, large number of yellow needles were 
obtained. 

Orpanic crv.stal.s can he prown from a wide varietv 
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Figure 1. (A) Needles of anthraquinone seen growing in the supernatant solution 
kept over the gel, (B) a needle of anthraquinone grown from a cluster of anthracene 
crystals, (C) micrograph of needles obtained under crossed nicol prism, (D) a single 
crystal of janthraquinone photographed in straight extinction position with nicol in 
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et al 1986). However, in the present study, crystals were 
formed only in the top solution of particular pH (~6), 
irrespective of the gel pH. Hence, pH of top solution 
and in turn pH of the gel should have some effect on 
the nucleation of anthraquinone. Crystals of anthraquinone 
were found to grow in all pH values tried (5, 5-5, 6, 
6-5, 7 and 7'5). But, better yield was obtained in 5-6 
range. Most favourable pH was 5-5 in which yellow 
needles were found to grow into the gel medium in 
addition to that in the top solution. The rate of growth 
of these needles were studied. A uniform increase in 
the growth rate of needles into the gel medium was 
observed up to six days. After one week, the crystals 
attained maximum size, with a lower growth rate. This 
was followed by dissolution of crystals and the size of 
crystals fluctuates as shown in figure 2. 

The samples kept in darkness did not yield yellow 
crystals of anthraquinone, but only platy crystals of 
anthracene. This confirms that the yellow needles of 
anthraquinone were produced by the photoreaction 
of anthracene as reported earlier (Corey and Taylor 1964). 


By the irradiation of anthracene in acetone, anthraquinone 
is obtained as a final product as represented by the 
following conversion (figure 3). 

Investigation on the solvent (acetone) incorporated over 
the gel in this experiment revealed that there was a 
gradual increase in the density, surface tension and 
conductance of the solvent. Hence, it can be presumed 
that such^ changes might have modified the anthracene 
solution favourably for being converted into anthra¬ 
quinone by photoreaction. Density measurement of solvent 
and solution (table 1) showed that the supernatant solution 
of anthracene undergoes a change similar to the behaviour 
of acetone-water mixture. Thus the supernatant solution 
might have been tuned for the growth of yellow needles. 
The differences in growth of anthraquinone in pure gel 
and acetone mixed gel is also noted. When the solution 
was kept over pure gel, the changes in supernatant 
solution was fast and resulted in the nucleation and 
growth of large number of anthracene crystals. Solution 
over the acetone-mixed gel was found to undergo a slow 
change in parameters and few anthracene crystals were 




photoreaction and growth of anthraquinone. 

In order to have better understanding of the role played 
by water-acetone system, water was mixed with acetone 
in different proportions. This mixture was used to prepare 
anthracene solution so as to grow crystals by slow 
evaporation without the aid of gel. A notable observation 
was that yellow needles of anthraquinone were formed 
in acetone-water system only if a seed was added. Good 
yield (figure IE) was obtained when the mixture con¬ 
taining 5-30% of water was kept in an illuminated room. 
The crystals were separated, washed, dried and charac¬ 
terized with X-ray powder diffraction, IR, UV-visible 
spectroscopy, optical and scanning electron microscopy. 

Table 1. Density of .solvcnt/soliition at 30°C. 


Density 

Solvent/solution (g 


Pure acetone 0-753 

Acetone kept over the gel for one week 0-895 

Saturated solution of anthracene in acetone 0-764 

Top solution in which anthraquinone is formed 0-847 


Yellow needles 

Yellow needles 


grown in acetone 

grown in acetone- 


solution kept over 

water mixture by 


the acetone mixed 

solution growth 


gel (cm“') 

(cm-') 

Assignments 

937 

935 

CH out of plane 

810 

810 

bending 

621 


Skeletal deform 

694 

690 

Ring breathing 

1170 

1160 

CH in plane bending 

1284 

1280 


1304 

1330 

Ring stretching 

1332 

1470 


1473 

1560 


1522 

1620 


1635 



1591 

1580 

Aromatic vibrations 
of quinoncs 

1653 

1678 

C=0 stretch of 

1676 


quinones 



Figure 4. Infrared spectrum of anthraquinone needles grown (aj in acetone solution 
incorporated over acetone mixed gel and (b) in acetone-water solution. 
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. Characterization 

. 1 Optical and scanning electron microscopy 

)ptical micrographs of the single crystals of anthraquinone 
/ere taken using ‘LEITZ ORTHLUX II POL BK’ petrologi- 
a! microscope. Figure IB shows a needle of anthraqui¬ 


none nucleated from anthracene crystal substrate. Hollow 
cavity of the anthraquinone is also seen in the crystal. 
Figure 1C gives the micrograph of certain needles of 
anthraquinone obtained under crossed nicol position. A 
single crystal of anthraquinone photographed in straight 
extinction position with nicol in 45° for maximum illu- 
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mination is given in figure ID. Yellow needles of 
anthraquinone crystals grown in the supernatant solution 
kept over the gel is shown in figure lA. Figure IE 
shows the growth of large number of yellow needles in 
acetone-water solution of anthracene. The transparent 
tiny crystals at the bottom of the test tube are anthracene. 
Figure IF gives the SEM picture of an anthraquinone 
needle. 

4.2 Infrared analysis 

The infrared spectra of the crystals were recorded in the 
range 4000-400 cm"' by KBr pellet method. Preliminary 
analysis of the transparent crystals formed on the top 
solution by IR spectroscopy has confirmed that the 
crystals are anthracene. The IR spectrum of yellow 
needles grown in acetone solution and those grown in 
acetone-water mixture are given in figures 4A and B, 
respectively. The vibrational frequencies and their 
assignments are given in table 2. The intense bands at 
1676 and 1653 cm"' can be assigned to the carbonyl 
grouping not present in anthracene but seen in the 
case of anthraquinone (Singh and Singh 1968). The 
intense band at 694 cm"' is identical to the ring 
breathing frequency reported for anthraquinone (Singh 
1991). 

4.3 X-ray diffraction analysis 

The XRD scan of the crystals with CuK^ radiation in 
the 29 range 0-50° is shown in figure 5. The calculated 
Vr values (0-360, 0-762 and 0-314 nm) are found to be 
in close agreement with the ASTM Y/’ values (0-352, 
0-769 and 0-314 nm) of anthraquinone. 

4.4 Ultraviolet and visible spectroscopy 

UV-visible spectra of the anthraquinone crystals grown 
in this study were recorded using a SHIMADZU UV- 
2100S, UV-visible recording spectrometer. The UV- 
spectrum of the anthraquinone crystals dissolved in chlo¬ 
roform is displayed in figure 6. Very strong band at 
253 nm and the medium intense band at 273 nm are in 


agreement with reported values (Morton and Earlam 
1941). 

5. Conclusion 

Formation of anthraquinone crystals was observed during 
the growth studies of anthracene. For all the pH values 
(5-7-5) tried, crystals of anthraquinone were obtained 
with varying nucleation time and quality. Better crystals 
of anthraquinone were obtained in 0-5% (w/v) solution 
of anthracene kept over acetone-mixed gels of pH 5, 
5-5 and 6. Growth of needles into the gel medium was 
observed for pH 5-5. At higher concentration (1% w/v), 
nucleation and growth of anthracene occurred hindering 
photoreactive conversion to anthraquinone. Acetone mixed 
gel was found to be a better medium in aiding the 
growth of anthraquinone rather than the pure gel. Solution 
studies have revealed that acetone-water mixture can 
also be used as a solvent for growing anthraquinone 
crystals by photo reaction. 
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Abstract. We have successfully grown high mobilit>' undoped and Te doped InSb crystals of size 10-12 
mm dia, and 60 mm length under inert argon atmosphere in closed quartz ampoules, by vertical directional 
solidification (YDS) technique. The crystals showed predominantly (220) orientation along the growth axis. 
The surface defects, such as voids were reduced drastically by selecting proper lowering rate, rotational 
speed and cone angle of the ampoule. The high mobility and quality crystals were obtained with the ampoule 
conical angle less than 20°, lowering rate 5 mm/h, and rotational speed 10 rpm. 

Keywords. InSb crystals; directional solidification; quartz ampoule; cone angle; Hall measurement; inert 
atmosphere. 


1. Introduction 

InSb crystals are useful for infrared detectors in 3-5 (im 
wavelength range (Chen et al 1992). This material is 
also of increasing interest for large area detector arrays 
(Rayners et a I 1993), high speed devices (Asauskas 
1980) and optoelectronics devices (Baranski 1990). For 
epitaxial growth of InAsSb on InSb (Eagen et al 1994), 
substrates of high quality are required (Ohaski 1986; 
Lee et al 1993; Michel et al 1994). There have been 
reports of InSb bulk crystal growth using methods such 
as Czochralski (Witt et al 1968; Lin and Kou 1995), 
Bridgman (Kim 1978; Mulski and Neumann 1982), zone 
refining (Garanuet et al 1995), vertical gradient (Strauss 
1959; Potard 1981; Jung et al 1991) and centrifuge 
(Weber et al 1990; Derabail and Wilcox 1992; Zhou et 
al 1993). We have undertaken the growth of undoped 
and doped bulk InSb crystals by vertical directional 
solidification (YDS) technique in conical quartz ampoule 
without using any seed. The YDS is a simple and 
suitable method for obtaining good quality InSb single 
crystals. To reduce the Sb loss related problem, the 
growth is done in closed ampoule and under optimization 
of inert atmosphere of argon. This paper reports the 
details of experiments carried out under various growth 
conditions such as cone angle of ampoule, lowering rate, 
rotation speed and inert gas for high quality single crystal 
growth without seed. As grown crystals are p-type while 
Te has been used for growing n-type doped crystals. 


2. Experimental 

2.1 Crystal growth 

We performed the growth of InSb crystals in a verti¬ 
cal growth system by directional solidification (YDS) 
(Gadkari et al 1994). The system consists (see figure 
1) of a vertical single zone resistance furnace. Quartz 
tube of 10 cm dia. and 100 cm length was used as the 
growth chamber. The tube was closed at both ends by 
end caps with Wilson seal arrangements for gas inlet 
and outlet. Water circulation was used for cooling the 
seals. Thermocouple (Cr-Al) was inserted from the bottom 
end of quartz tube for measurement of temperature inside 
the growth chamber. High purity In (6 N), Sb (6 N) and 
Te (6 N) were used as source materials. 91 g In and 
10-3 g Sb in stoichiometric composition were filled in 
quartz ampoule of 10-12 mm in dia. and 100 mm in 
length with conical end on one side. Ampoules of various 
cone angles ranging from 15-70° were used in the 
growth experiments. Initially, growth was tried in open 
ampoule with flowing atmosphere. However, the 
resulting crystal was of poor quality. Subsequently growth 
was done in sealed ampoule and two variations of the 
procedure were used. In one case, the ampoule was 
sealed in vacuum and in the second case the ampoule 
was backfilled with argon before sealing. Growth of 
doped crystals was done by mixing Te dopant in the 
charge before sealing the ampoule for the directional 



perature to 800°C. This temperature was maintained for 
10 h for synthesis and homogeneous mixing of the source 
materials. For the growth, the ampoule was lowered to 
the gradient zone of the furnace where the temperature 
was in the range 575-650°C and kept in this zone for 
10 h for prolonged heating for thermal stabilization in 
the melt prior to starting the growth. The growth was 
done by further lowering the ampoule in the gradient 
zone. Different lowering rates in the range 5-10 mm/h 
were used. Further the rotation speed was varied in the 
range 10-30 rpm. After completion of the growth, the 
InSb ingot was annealed at a constant temperature of 
200°C for about 18-24 h prior to its removal from the 
growth chamber. The typical growth profile is shown in 
figure 2. In good quality growth, the ingot can be 
removed from the quartz ampoule easily showing that 
the melt does not stick to the wall of the ampoule. As 
such the diameter of the grown ingot is slightly smaller 
than the internal diameter of the ampoule. 

2.2 Sample characterization 

Substrates of thickness about 500 jam were cut perpen¬ 
dicular to the growth axis. These wafers were cleaned 
and lapped by 5 (im carborundum powder. Further poli¬ 
shing of the wafers was done mechanically by using 0-3 
and 0-05 p,m alumina abrasive to mirror finish. We tried 
also chemi-mechanical polishing using 5% bromine- 
methanol solution and similar results were observed. 
Wafers were cleaned in warm TCE, acetone and methanol 
of electronic grade. These wafers were then used for 
various characterizations e.g. (i) the X-ray diffraction 
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Figure 1. A. Schematic diagram of the growth system and 
B. temperature profile of the furnace. 


recorded with step angle 0-02° and 0-5 s step time on 
JEOL JDX-8030 for 35 KV and 25 mA, (ii) growth 
morphology, and (iii) electrical transport properties by 
Hall measurements (Van der Pauw 1958; Look 1990). 
The EDAX measurements were used to identify the 
composition in the defect regions. 

3. Results and discussion 

3.1 Unsealed ampoule 

Early growth experiments were performed in unsealed 
ampoules in flowing N^. Ingots were grown by using 
ampoules with 4 different cone angles from 50°-70°. In 
all cases, growth showed severe distribution of voids on 
the surfaces. The XRD pattern of the InSb substrates 
cut from these ingots showed large FWHM for XRD 
peaks (see table 1), indicating large heterogeneities and 
grain boundaries which may be due to polycrystalline 
growth. 

3.2 Sealed ampoule 

Since the open ampoule growth was of poor quality, 
the growths were carried out in ampoule with cone angle 
less than 30°. The source materials In and Sb inside 
ampoules were alternately evacuated and flushed with 
argon 10 times prior to vacuum sealing (10"’torr), and 
growth was carried out at lowering rate 10 mm/h and 
rotation speed 30 rpm. Ingots were void free, 10 mm 
dia. and 60 mm length (figure 3). XRD measurements 



Figure 2. The crystal growth temperature versus time graph 
after optimizing growth conditions. The temperature is specified 
at the conical tip of the ampoule. 
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Table 1. Cone angles of ampoules and Hall measurements at 300 K. 


Growth 

no. 

Crystal 

Ampoule 

ambient 

Cone 

angle 

Semicond. 

type 

Mobility 

(cmVV.sec) 

RH 

(cmVcoulomb) 

FWHM (220) 
(arcsec) 

3 

InSb p3 

A 

64 

P 

— 

_ 

1140 

4 

InSb p4 

A 

60 

P 

- 

- 

1290 

5 

InSb p5 

A 

50 

P 

- 

- 

1780 

6 

InSb p6 

A 

54 

P 

- 

- 

1740 

7 

InSb p7 

B 

30 

P 

- 

- 

1680 

8 

InSb p-1 

C 

25 

P 

3900 

-39-6 

580 

9 

InSb p-R 

C 

22 

P 

3500 

-41-5 

560 

10 

InSb n-l 

C 

25 

n 

3400 

-0-35 

482 

11 

InSb n-R 

C 

25 

n 

3145 

-049 

455 

12 

InSb p2-4 

D 

18 

P 

42000 

-143-0 

285 

13 

InSb n2-4 

D 

16 

n 

27000 

-10-6 

260 

12 

InSb p2-12 

D 

18 

P 

55000 

-165 

255 

13 

InSb n2-12 

D 

16 

n 

25600 

-11-5 

235 


A, Open ampoule flowing ; B, ampoule closed in vacuum (UrUorr) without argon flushing; C, ampoule prior to vacuum 

sealing (10~‘'torr) was flushed by argon; D, ampoule closed under argon pressure (lOOtorr). Measurements were taken on two 
samples of growth nos 12 and 13 from different places. 
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Figure 3. The growth of undoped ingots performed by scaling 
the ampoules in vacuum (growth nos 8-9). 
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Figure 4. a. XRD pattern of the powder crushed from grown 
InSb ingots and b. XRD pattern of a substrate cut perpendicular 
to the growth axis. 


data 1994) (see figure 4a). Wafers prepared from the 
ingots showed prominent reflection for (220) orientation 
(see figure 4b). Sharp peaks of the XRD (table 1) showed 
improved crystallinity of the InSb ingots. Etching of 
polished wafers revealed regions rich in Sb as probed 
hv F.DAX The. p.tr.hinp nf the. iinrlnnp.d Tn.Sh snh.strate 
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Figure 5. Magnified phoiograph of Te doped ingols with 
substrates (growth no. 13). 

substrates (Gadkari etal 1995) showed absence of eutectic 
features but defects like striations, band formation, 
microcracks and precipitate were observed. 

Hall-Van der Pauw measurements, the undoped and 
Te doped samples at 300 K showed low mobility of 
3900 cmW.sec and 3400 cmVV.sec respectively. From 
these observations we concluded that the crystals con¬ 
tained excessive defects. In order to overcome this pro¬ 
blem, we did next series of experiments in ampoules 
closed under Ar pressure. 

3.3 Sealed ampoules with inert atmosphere 

In this modified procedure, the source materials were at 
first evacuated and flushed with argon 10 times. Finally, 
the ampoule was backfilled with argon at 100 torr and 
sealed. All the ampoules used in the experiments had 
cone angle less than 20°,- and growth was done at 
lowering rate of 5 mm/h and rotational speed lOrpm. 
As grown ingots were free from voids (figure 5) with 


the walls of the ampoules. Ingots surface were observed 
to be more shiny in conical region than the cylindrical 
regions as seen in figure 5. 

X-ray diffraction measurements on the wafers cut from 
these ingots showed prominent (220) reflection and 
excellent agreement with the ASM data mentioned earlier. 
Further as seen from table 1, the FWHM had improved 
further as compared to the growth done.in the evacuated 
ampoule. Improvement in the quality of the crystal grown 
under argon atmosphere was also seen from the Hall 
measurements. Undoped crystals were p-type with 
mobility reaching a value 55000 cmW.sec at room 
temperature. The low (20 K) temperature Hall measure¬ 
ment on this sample showed doping concentration 
(-1x10"’ cm"^) which shows reduction in the back¬ 
ground defects by using this procedure. The Te doped 
materials are also of better quality and show significant 
increase in mobility from 26000 cmVV.sec at room tem¬ 
perature to 29000 cmVV.sec at 40 K with the donor 
concentration of 6 x 10’’ cm"^ 

4. Conclusions 

Nearly perfect single bulk crystal of InSb of high quality 
and degree of crystallinity have been grown from the 
melt by the VDS technique. Our experiments show the 
following. 

(I) The wafers cut from the ingots show prominent (220) 
reflection indicating growth of nearly single crystal with¬ 
out seed. 

(II) Maintaining inert argon atmosphere in the closed 
quartz ampoule is very crucial for growing high mobility 
InSb crystals. Other optimized growth parameters are (i) 
ampoule lowering rate 5 ram/h, (ii) rotation speed 10 
rpm and (iii) conical angle less than 20°. Good quality 
ingots of 10-12 mm dia., 60 mm in length and 20 g 
weight have been grown by VDS technique in closed 
quartz ampoule. 

(III) Undoped InSb is p-type. A very high Hall mobility 
~ 55000 cmVV.sec has been achieved in the optimized 
growth. 

(IV) Te doped n-type material with doping concentration 
6 X 10'^ cm“^ and Hall mobility 26000 cmW.sec at 300 K 
have been grown. 

These results indicate the effectiveness of vertical direc¬ 
tional solidification method for the growth of high quality, 
uniform internal structure and high mobility InSb bulk 
crystals. 
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Studies on synthesis of calcium ferrite-based bio glass ceramics 
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Abstract. The possibility of synthesizing a Ca-ferrite based biocompatible glass ceramic has been explored 
in the following two glass compositions: (i) 28Na2O-8CaO-3P2O5-llFe2O3-50SiO2, and (ii) 25Na20-8Ca0- 
3P2O5-20Fe2O3-41SiO2-3B2O3 (in weight ratio). The effect of simulated body fluid on the different glasses 
and glass ceramics was also investigated. While there is no direct evidence for apatite formation, the weight 
losses recorded and formation of a Si-rich layer at the surface appears to be an indication of onset of 
apatite formation. The rate of apatite formation is presumably retarded due to the presence of Al^ (picked 
up from AI 2 O 3 crucible). Ferromagnetic resonance experiments at 9 03 GHz demonstrate that these glass 
ceramics can possibly be used for microwave hyperthermia. 

Keywords. Bio glass ceramics; calcium ferrite; hyperthermia; apatite. 


1. Introduction 

It has been shown that bioactive glasses and glass 
ceramics bond to bone (tissue) by the formation of an 
apatite layer on the surface (Anderson et al 1990; Hench 
1991; Ochura et al 1994). The apatite phase is equivalent 
chemically and structurally to the mineral phase of the 
bone and it is this equivalence which is thought to be 
responsible for the interfacial bonding (Hench 1991). 
The formation of surface apatite layer has been inves¬ 
tigated by dipping the bioactive glasses and glass ceramics 
in a simulated body fluid (SBF) (with ion concentrations 
similar to those in human blood plasma) or in a Tris 
buffer solution (TBS) (Anderson et al 1990; Ebisawa et 
al 1990, 1992a; Kokubo et al 1992; Li et al 1992; 
Ohtsuki et al 1992). 

A promising application of bioactive ferrite-based glass 
ceramics is in the hyperthermia treatment of cancer. On 
application of either an alternating magnetic field or 
microwaves, the bioactive magnetic glass ceramic acts 
as a localized heating target which leads to selective 
dissipation of heat to the cancerous tissues. Ebisawa et 
al (1992b) have successfully demonstrated the use of a 
bioactive ferrimagnetic glass ceramic (in FCjOj-SiO,- 
CaO-B 203 -P 2 O 5 system) as a thermoseed for hyperthermia 
of cancer using an alternating magnetic field (the soft 
heating method). Ferromagnetic resonance (FMR) has 
been used by Nikawa and Okada (1987) for deep heating 
of the cancerous tissue for microwave hyperthermia. It 
was found that the energy dissipation rate at the target 
during FMR was 40% higher than that of nonresonance 


microwave heating. Also, the depth of heating increased 
by nearly 50% at resonance. 

In the present study our objective was to synthesize 
Ca-ferrite-based glass ceramics through nucleation and 
growth in Ca 0 -Na 20 -P 205 -P 205 -Fe 203 -Si 02 -based glass. 
We have further evaluated the bioactivity of the different 
glass ceramics in vitro (using a TBS or a SBF solution). 
The different glass ceramics have been characterized in 
detail before and after treating them in SBF/TBS solution. 
The suitability for use as thermoseeds in microwave 
hyperthermia has been demonstrated by FMR studies. 

2. Experimental 

Two glasses G1 and G2 (compositions given in table 
1), were prepared using reagent grade chemicals Na,C 03 , 
CaC 03 , CaHPO, • 2 H 2 O, Fe203, Si02 and H3BO3. Melting 
was done in an alumina crucible and pouring of melts 
done at 1150°C and 1130°C respectively. The melt was 
splat quenched using two steel plates to obtain glass. 
XRD studies of powder samples were carried out on a 
Phillips PW480 diffractometer using CuK^ radiation in 
the scan range 20°-100°. 

Differential thermal analysis (DTA) was 43erformed on 
the powder samples using a Dupont model 9900 system, 
with heating rate of 10°C/min in the temperature range 

Table 1. Glass composite in weight percentage. 

Na 20 CaO P 2 O 5 Fe 203 Si 02 B 2 O 3 
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20°C-1000°C. A typical DTA plot for glass (Gl) is 
given in figure I. The nucleation and growth temperatures 
were estimated from the DTA results and the glasses 
were accordingly subjected to different heat treatment 
schedules. The X-ray diffraction technique was used to 
determine the different phases that formed after heat 
treatment. Table 2 provides a list of various phases 
formed after different heat treatments. 

TBS containing 50 mM Tris (hydroxymethyl) methyl- 
amine and 45 mM HCI was prepared as suggested by 
Anderson et ol (1990) and Li et al (1992). Samples 
were dipped in 25 ml of TBS for a period of 30 days. 
SBF was prepared by dissolving reagent grade chemicals 
NaCl, NaHCO,, KCl, MgCl, • 6 H 2 O, CaCl, • 2^0 and 
CaHPOj • 2 H 2 O in distilled water. The solution was buff¬ 
ered by 50 mM Tris (hydroxymethyl) methylamine and 
45 mM HCI (Ebisawa et al 1990, 1992a; Kokubo et al 
1992; Ohtsuki et al 1992). Ion concentrations in SBF 
have been reported by Ohtsuki et al (1992). Samples 
were dipped in 50 ml of SBF each in stoppered standard 
flasks. In order to study modifications occurring at the 
surface, XRD studies were carried out on samples dipped 
in TBS and SBF. To study compositional changes 
occurring at the surface, energy dispersive X-ray (EDX) 
analysis was carried out on a few dipped and undipped 



Figure 1. A typical DTA plot for glass Gl. 


samples. Cambridge Stereoscan 90B system was used 
for scanning electron microscopy (SEM). Ferromagnetic 
resonance studies of samples were done on a system 
using microwave frequency 9-07 GHz in scan range 
0-4000 Oe magnetic field. 

3. Results and discussion 

The as-quenched glasses Gl and G2 are amorphous. 
Figure 2 gives the X-ray diffraction patterns of the glass 
Gl and the glass ceramics GCll and GC14. While the 



Figure 2. X-ray diffraction patterns of (a) glass Gl, (b) GCl 1 
and (c) GCl4. 


Table 2. Heat treatment, label and crystalline phases observed. 


Heat treatment 


Glass 

ceramic 

Starting 

gla.ss 

Nucleation 

Growth 

Crystalline phases 
present 

GCll 

Gl 

430°C/1 h 

780°C/24h 

CaFep^, a-Fe,0^ (MR) 

GC12 

Gl 

730°C/1 h 

780°C/24 h 

CaFe^O,, «-Fe,03 (MJ) 

GC13 

Gl 

430°C/1 h 

740°C/24 h 

CaFe^O.^ 

GC14 

Gl 

430°C/1 h 

780°C/48 h 

CaFe^O.^ 

GC21 

G2 

475°C/1 h 

690°C/24h 

CaFe^0.y, a-Fe^Oj (MJ) 

GC22 

G2 

570°C/1 h 

883°C/24 h 

CaFp.n r/-Fpn 



phase. But, when the growth time is increased from 24 h 
to 48 h, as in the sample GC 14, a single CaFe^O.^ 
ferrite phase is obtained. It is possible that with increase 
in growth time a-Fe 203 reacts with CaO in matrix phase 
by the following reaction: 

CaO + 2 Fe 203 —> CaFe^O,. 

Based on the results shown in table 2 we have observed 
that when the nucleation temperature is increased from 
430°C to 730°C as in GC12 sample, a higher relative 
amount of a-Fe 203 is obtained. This suggests that 430°C 
is the right nucleation temperature for Ca-ferrite phase. 



Figure 3. Scanning electron micrographs of glass ceramic 
samples a. GC12 and b. GC21. 


was decreased to 740°C from 780°C as in GC13 sample, 
a single CaFe^O, phase was obtained with low glassy 
background. This indicates that 740°C is an optimum 
growth temperature for CaFe 402 phase. The GC21 and 
GC22 samples show both the crystalline phases i.e. 
CaFe^O^ and a-Fe 203 . The relative amount of a-Fe 203 
phase is greater in GC21 than in GC22 sample. 

These results from X-ray diffraction studies are sup¬ 
ported by scanning electron micrographs. It can be seen 
for sample GC12 in figure 3a, that there is a distinct 
tendency for the second phase to separate as non spherical 
structure with high connectivity and dendritic growth. 
There is also a clear evidence for the existence of two 
phases in the sample GC21 as seen from figure 3b. The 
heat treatment process presumably allows enough time 
for glass in glass phase separation followed by crystalli¬ 
zation of CaFe^O, and a-Fe 203 . 

Weight losses were recorded after dipping the glass 
and glass ceramic samples either in TBS or SBF solution 
for varying duration. Table 3 gives the weight losses in 
mg/g for the different samples. From this table it can 
be seen that glass suffers a weight loss of 1-2 orders 
of magnitude less than that suffered by the glass ceramics. 
This is in accordance with the results published in 
literature which suggest that presence of Fe 203 in a glass 
improves its stability (Ochura et al 1994). On heat 
treatment, FejOj presumably enters the crystalline phase, 
and the residual glassy phase becomes less stable. 

For GCll, GC12 and GC13, the weight loss increases 
with increasing degree of crystallinity (weight loss by 
GC13 > GCl 1 > GC12). This indicates that greater the 
extent to which crystallization occurs, the better is the 
removal of Fe 203 from glassy phase and hence more 
unstable is the glassy phase. 

Figure 4 gives the X-ray diffraction patterns of some 
typical samples GC21, GC21D, GCl ID and GC13D. 
The dipped samples are represented by adding letter D 
in their label. XRD patterns of samples dipped in 
TBS/SBF reveal formation of an amorphous surface layer 


Table 3. The weight losses for different samples. 


Sample 

Weight loss (mg/g) 

In TBS after 

30 days 

In SBF after 

8 days 

G1 

0-344 


G2 

- 

1-04 

GCll 

26-42 

— 

GC12 

19-84 

24-86 

GC13 

30-19 

12-92 

GC14 

16-19 

— 

GC21 

— 

15-49 

GC22 

- 

25-97 




INTENSITY (ARBITARY UNITS) 



20 (DEGREES) 

Figure 4. Typical X-ray diHraciion patterns of samples (a) 
GC21, (b) GC21D, (c) GCllD and (d) GC13D. D refers to 
samples dipped in TBS/SBF. 


in some cases (i.e. GC12D, GC14D, GC21D, GC22D). 
On the other hand, there is formation of a crystalline 
surface layer as in the sample GCllD. The sample 
GC13D, however remains essentially unmodified except 
small shift in d values. The crystalline surface layer on 
GCllD could not be identified. 

Modification of the surface is observed only in cases 
where an appreciable amount of glassy phase is present 
(as in GCll, GC12 and GC14). When crystallization 
has proceeded to a large extent as in GC13, we see no 
surface modification. This seems to be in agreement 
with Li et al (1992), who showed that residual glassy 
phase in a glass ceramic is responsible for the surface 



Figure 5. Scanning electron micrograph of sample GCllD. 
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modification and an apatite layer formation. Their results 
show that bioactivity is lost when residual glassy phase 
is less than 5 wt%. Glass Gl which showed negligible 
weight loss, shows no surface modification. 

Since we could not identify the crystalline phase 
developed at the surface of GCllD, we attempted to 
probe the composition of the surface of dipped and 
undipped samples of GCll by EDX. These results in¬ 
dicated that the concentration of sodium on the surface 
decreases from 22-3% to 143% on dipping, while the 
concentration of Si in the surface increases from 48'5% 
to 66-3% on dipping. According to Hench (1991), Na 
depletion at the surface along with the formation of a 
Si-rich layer, is the first step in the formation of an 
apatite layer on the surface of bioactive glasses and 
glass ceramics. EDX analysis shows the presence of 
aluminium picked up from the alumina crucible. It seems 
to have occurred during preparation of the glass. Earlier 
work (Anderson et al 1990; Kokubo et al 1992; Ohtsuki 
et al 1992; Ochura et al 1994), have shown that presence 
of Al retards bioactivity. Anderson et al (1990) suggest 
that presence of Al in the silica-rich layer retards the 
formation rate of apatite layer and also stabilizes the 
glass, thus preventing formation of a 
on top of the Si-rich layer. This could be the reason 
why only a Si-rich or an amorphous layer is observed 
in our case without formation of an apatite layer. SEM 
micrographs of the sample GCllD shown in figure 5, 
exhibits fibrous crystals which appear oriented perpendi¬ 
cular to outer surface. Presumably, the apatite starts 
nucleating and growing from these silica-rich fibrous 
grains (Ebisawa et al 1992b). 

A ferromagnetic resonance experiment at 9-07 GHz 
and magnetic field up to 4000 Oe was done on a few 
samples just to demonstrate absorption of microwave 
power by the sample. We get broad resonance for GC13 
as shown in figure 6. GCll shows much broader and 
two resonances at fields of 1540 and 3100Oe. The 


evidence of absorption of microwave power and the 
resonance indicates that these glass ceramics can possibly 
be exploited for microwave hyperthermia using ferro¬ 
magnetic resonance. 

We have explored the formation of bioactive ferrite- 
based glass ceramics in Na 20 -Ca 0 -P 205 -Si 02 -Fe, 03 - 
based system and examined the possibility of apatite 
formation on the surfaces of glass ceramics in SBF/TBS 
solution. Further, absorption of microwave power has 
been demonstrated through ferromagnetic resonance. 
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Abstract. A detailed study of electrical conduction mechanism in bimetallized ferrocene-doped polyvinyl 
pyrrolidone films was carried out. The measurements were carried out on films of about 20 ^m thick, in 
the field range of (2 0-8 0) x lO'* V/cm at temperatures ranging from 363 to 423 K. An investigation of the 
effect of impurity such as ferrocene in the polymer matrix was undertaken. Lowering of activation energy 
and increase in current due to doping were observed. The results showed that the charge carriers were 
generated by field-assisted lowering of coulombic barriers at the traps and were conducted through the 
bulk of the material by a hopping process between the localized states by a Jonscher-Ansari modified 
Poole-Frenkel mechanism. The dependence of current and activation energy on the ferrocene concentration 
is explained on the basis of charge transfer type of interaction between dopant and polymeric material. 

Keywords. Electrical conduction; polyvinyl pyrrolidone; ferrocene; Poole-Frenkel; hopping; charge transfer 
complex. 


1. Introduction 

Polymers with controlled conductivity and thermal sen¬ 
sitivity are very much desirable in various applications 
(Cassiers 1960; Dresner and Comizzoli 1972; Pillai et 
al 1980). Studies of the transport mechanisms in polymer 
films have gained importance in recent years owing to 
the potential applications of films in various device 
technologies (Seanor 1982). Based on current-voltage 
characteristics, the deduction of the responsible conduc¬ 
tion mechanism amongst various possibilities is seldom 
simple. Different workers have given different interpre¬ 
tations of their results but it seems no ultimate view 
has yet been reached. The elucidation of the underlying 
charge injection and carrier migration process is vital to 
the future utility of these materials. It has been shown 
that charge storage property and carrier mobility can be 
greatly affected by impregnating the polymers with sui¬ 
table dopant (Sinha and Srivastava 1979; Mizutani et al 
1984; Narsimha Rao et al 1986; Mohana Raju et al 
1990; Vinod Dubey et al 1990). Depending on their 
chemical structure and the way in which they react with 
the macromolecular matrix, doping decreases the resis¬ 
tivity of the polymer to different degrees. The structural 


changes affect the conductivity by changing the number 
of charge carriers and/or their mobility. 

Polyvinyl pyrrolidone (PVP) is known to have a grow¬ 
ing pharmaceutical importance and possesses good elec¬ 
trical properties (Prescatt 1965; Narsimha Rao and 
Kalpalatha 1987; Khare et al 1994a; Khare and Chandok 
1995b), which are greatly modified by impregnating it 
with suitable dopant. The effect of impurity like ferrocene 
on electrical conduction, which can give a better under¬ 
standing regarding the motion of molecules and the 
migration of charge carriers involved in the relaxation 
mechanism has not been studied before. Ferrocene, a 
nonpolar inorganic substance, was selected in the present 
case as a doping substance for two reasons: (i) it is a 
TT-bonded cyclopentadiene complex and due to the active 
:?r-bond it allows nuclear substitutional reactions (Wood¬ 
ward 1952), which means the chances of its linking with 
polymer matrix are increased, and (ii) it is a monomer 
(Phadke et al 1978) i.e. a polymer making substance 
and hence its chances of changing the properties of 
polymer seem to be greater (Khare et al 1994b). 

In this paper, the experimental results on electrical 
conduction of ferrocene-doped PVP with different com¬ 
binations of vacuum coated electrodes are discussed to 
elucidate the mechanism of nature of electrical conduction 
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aimed at finding the possibility of the existence and 
nature of distribution of traps and the role played by 
the carriers injected from the electrodes and volume¬ 
generated carriers. 

2. Materials 

Polyvinyl pyrrolidone (PVP) and ferrocene used in the 
present study were procured from M/s Glaxo Laboratory, 
Bombay. PVP is a polar polymer due to its carbonyl 
group of double bond in pyrrolidone ring (Tan and 
Challa 1976). The network structure of PVP has different 
lengths of n and a bonds in between nitrogen, oxygen, 
carbon and hydrogen atoms (Kasha and Pullenan 1962; 
Palaska 1970; Standen and Scool 1970). The asymmetric 
distribution of electronic charges near different atoms 
(N, O, C and H) may be possible in PVP; hence it is 
a disordered material. Ferrocene is a Jt-bonded, orange, 
nonpolar crystalline solid. It is a cyclopentadiene complex 
having molecular formula C,„H,(,Fe in which an iron 
atom is sandwiched (Dunitz and Orgel 1953) between 
two cyclopentadiene anions. There are eighteen valence 
electrons (in addition to single C-H bonds and C-C 
bonds of the two rings), i.e. a pair for each of the nine 
orbitals of iron atoms. These nine pairs of electrons may 
be distributed on ten C-C and ten Fe-C bond positions 
using only stable orbitals of atoms. The Fe-C bonds 
have a small amount (12%) of ionic character. 

3. Experimental 

The isothermal immersion technique was utilized for 
preparing films of ferrocene-doped polyvinyl pyrrolidone 
(PVP). The solution was prepared in a glass beaker by 
first dissolving 2-4 g PVP in 30 ml of chemically pure 
chloroform at room temperature. The doping concentration 
was changed by varying the amount of ferrocene (i.e. 
50, 100, 150 and 200 mg) added to the polymer matrix 
by weight quantities. A change of colour of doped films 
from white to yellow was noticed. A dopant concentration 
of 50 mg was used unless specified otherwise. The upper 
metal electrode was also vacuum deposited. The following 
electrode combinations were used—Al-Al, Al-Ag, Al-Cu 
and Al-Sn. The thickness of the samples was of the 
order of 20 pm and estimated by measuring the capaci¬ 
tance of the fabricated sandwiches taking the value of 
dielectric constant, e, of PVP as 2-5. Samples of different 
thicknesses were obtained by changing the concentration 
of polymer solution. The geometry of the sandwich 
configuration of the electrode and the variation of current 
in these structures as a function of the applied field, 
temperature and thickness was the same as reported 
previously (Khare and Srivastava 1992a, 1994; Khare et 


avoid ground loops or extraneous electrical noise. The 
voltage was applied from a stabilized high voltage unit 
EC (HV 4800 D). 

The measurements were carried out with the polarizing 
fields ranging from (2-8) x 1 O'* V/cm at temperatures 
363-423 K. The temperature and field range were limited, 
because, beyond these films showed breakdown. 

4. Results and discussion 

The current-voltage (/-V) characteristics of ferrocene- 
doped (50 mg) polyvinyl pyrrolidone (PVP) on a semilog 
scale are shown in figure 1, for various fixed temperatures 
(363, 373, 393, 403, 408, 413, 418 and 423 K). The 
effects of higher concentrations of ferrocene (i.e. 100, 
150 and 200 mg) on I-V characteristics of polymer matrix 
(at a fixed temperature 373 K) have also been placed in 
the same figure. The I-V curves show two distinct 
regions corresponding to two different types of conduc¬ 
tion. At lower fields (region I) the slope of the 1—V 
curve lies between 0-92 and M3, suggesting ohmic 
behaviour in this region. At moderate fields (region II), 
the slope of the 1-V curve ranges from 14-1 -68, indicating 
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non-ohmic behaviour. The transition voltage which sepa¬ 
rates the two regions was found to be independent of 
temperature. The above results indicate that with the 
increase of temperature the probability of thermal ioni¬ 
zation of the trapping centres increases, thus causing a 
shift in the quasi-Fermi level, which gives rise to a 
lowering of the barrier across which electrons have to 
be transported and the conduction becomes more or less 
ohmic. The increase in current at high temperatures can 
be due to softening of the substance and because of this 
the injected charge carriers can drift more easily to the 
dielectric volume. This gives rise to a large current at 
high temperatures. At lower fields, the injection of 
carriers from the contact is less and the initial current 
is governed by the intrinsic free carriers in the materials. 
The current will be ohmic until the injected free carrier 
density becomes comparable with the thermal carrier 
density. 

In materials having low conductivity such as polymers, 
electric currents induced by carriers injected from the 
electrodes are generally bulk limited. This bulk-limited 
current requires that a sufficient carrier reservoir, available 
for injection, is maintained at the contact. The steady 
state current in such a case varies as the square of the 
applied field. The current-voltage relationship, 
does not fit well with the experimental data. Hence 
the possibility of space charge limited current can be 
excluded. 

In general, the polymers are homogeneous mixtures 
of polycrystalline and amorphous regions. Hence, there 
have been controversies over transport theories in the 
literature and no single mechanism was able to explain 
the entire conduction in these materials. However, the 
theories proposed for amorphous and polycrystalline in¬ 
organic solids are normally applied to describe the con¬ 
duction behaviour of these materials with few limitations 
(Dasaradhudu and Narsimha Rao 1994). The other likely 
processes are tunneling (Emtage and Tantraporn 1962), 
ionic conduction (Mott and Gurney 1948), field-enhance¬ 
ment thermionic emission either over an interfacial barrier 
(Schottky emission) (Langyel 1966) or from localized 
coulombic traps in the dielectric material (Poole-Frenkel 
(P-F) mechanism) (Frenkel 1938). 

The results based on the isothermal I-V characteristic 
indicate thermally activated conduction over the entire 
temperature range (figure 1). Hence, the possibility of 
a tunneling mechanism being operative in the present 
case can be ruled out. The Richardson-Schottky (R-S) 
plots between log / and 4e at different temperatures are 
shown in figure 2. The nature of these plots indicates 
that the conduction process is governed by a mechanism 
in which the charge carriers are released by thermal 
activation over a coulombic potential barrier that is 


charge carriers (electrons) can cross over the barrier 
between cathode and dielectric, as is the case with 
Schottky emission, taking the image force into consi¬ 
deration. Alternatively, carriers can be released due to 
ionization of impurity centres in the dielectrics (Poole- 
Frenkel effect). In both the above processes there is the 
current-field relationship of the form 

I oc Qxp/] E'^^. 

The restoring force in R-S and P-F effects is the 
Coulomb interaction between the escaping electron and 
positive charge. They differ in that the positive image 
charge is fixed for P-F barriers but mobile for Schottky 
emission. This results in a barrier lowering twice as 
much for the P-F effect. 

To determine the actual conduction mechanism, the 
value of the ^-factor at different temperatures calculated 
from the slope of log / vs "^E are compared with the 
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theoretically calculated value of /I assuming a particular 
mechanism to be operative. The theoretical values of /ipp 
may be obtained from the relationship 

r 

/5pF = 2/?^s = 2 , (1) 

where £„ is the permittivity of free space, £ the high 
frequency dielectric constant and e the electronic charge. 

The experimental and theoretical values of for 
Richardson-Schottky and Poole-Frenkel mechanisms are 
shown in table 1. The experimental values of /? are in 
close agreement with the theoretically calculated values 
of ^pp. Hence, the P-F mechanism seems to be the 
governing mechanism in the present case. 

The variation of current with thickness of ferrocene- 
doped PVP films was also studied to predict the con¬ 
duction mechanism (figure 3). With the decrease in the 
thickness of the films the value of currents increases. 
The charge release is determined by the thickness of 
the charge layer relative to that of the sample. Thin 
samples will release more charges than thick ones because 
the charge carriers responsible for electret effect do not 
penetrate to a depth of more than few microns. The 
shallow traps are filled first and the charges move to 
the deeper traps afterwards. If the sample is thin, all 
the charges trapped in shallower traps is released 
immediately, however, the charge carriers that have moved 
to the deeper traps are not released immediately, con¬ 
sequently, charge released in case of thin samples is 
greater than the thicker ones. The nature of the plot is 
such that the space charge conduction (SCLC) mechanism 
in these films can be ruled out because SCLC predict 
a linear variation of current with thickness. 

However, mere compatibility between and 
values cannot be taken as evidence for deciding the 
actual conduction mechanism (Simmons 1967), since /j 
values depend on a number of experimental conditions. 
Further, there are a number of shortcomings in Schottky 
emission theory as it suffers from large deviations in 
its constants, which may not correlate with theoretical 
and experimental results (Lamb 1967). Similarly, the 


Poole-Frenkel mechanism maintains Richardson-Schottky 
formalism, taking into consideration the barriers due to 
traps. Several workers have tried to distinguish between 
the two mechanisms by a comparison of values but 
point out that values of (i may vary with condition of 
traps in the bulk of the polymer (Mark and Hartman 
1967; Yeargan and Taylor 1968; Rehnebaker 1969). The 
P-F mechanism assumes that once the carriers are ther¬ 
mally activated from their trapping sites with the assis¬ 
tance of the field, they are free to move unobstructed 
within the conduction band of the insulator. However, 
the concept of unobstructed motion of charge carriers 
is incompatible owing to the low mobility of the charge 
carriers observed in polymers (//< 10"’cm'V”'s"') 
(Cresswell et al 1972). According to Jonscher and Ansari 
(1971), conduction in polymeric dielectrics with low 
mobility charge carriers should be interpreted as con¬ 
duction by localized charge carriers performing hopping. 

In order to decide the type of conduction mechanism 
operating in the polymer films, the effect of the nature 
of the electrodes of different work functions on the 
l-V characteristic was studied, since electrodes of different 
work functions induce different amounts of charge carriers 
into the bulk of the dielectric in the case of R-S 
mechanism, whereas the current flowing through the bulk 
of the film will be independent of the electrode materials 
in the case of the P-F mechanism. Therefore, if one 
takes an asymmetric metal-insulator-metal structure with 
two electrodes of different work functions, the current 
in the case of the Schottky effect will be asymmetrical 
when polarities are reversed (Khare et al 1994a) but 
will remain practically unchanged in the case of the 
Poole-Frenkel effect, since it does not depend on potential 
barriers of the interfaces. This is the proper way of 
distinguishing between the Poole-Frenkel and Schottky 
mechanisms as suggested by Jonscher and Ansari (1971) 
and Carchano and Vanentin (1975). Figure 2 shows 
Richardson-Schottky plots with aluminium electrodes 
along with corresponding curves for silver, copper and 
tin electrodes. It may be observed from these curves 
that the effect of different electrode materials on the 


Table 1. Theoretical and experimental values of ^ and activation energies for ferrocene (50 mg)-doped 
polyvinyl pyrrolidonc films. 



Temperature 

(K) 

Dielectric 

constant 

(«) 

^RS , 

(..xlO-2) 

^PF 

(. . x 10-2) 

(. .xfO-") 

Field 
(. .xlO^) 
(V/cm) 

Activation 

energy 

(eV) 

363 

373 

393 

403 

408 

A^n 

2-70 

2-64 

2-62 

2-63 

2-60 

"i.Kn 

2-897 

2-613 

2-591 

2-522 

2-397 

O./IOT 

5-694 

5-226 

5-182 

5-044 

4-794 

A.9AA 

4-982 

4-766 

4-529 

4-769 

4-139 

■ 3.000 

2-0 

3- 0 

4- 0 

5- 0 

6- 0 

0-97 

0-91 

0-84 

0-772 

0-720 


Electrical conduction mechanism in PVP films 


143 


I-V characteristics is negligible within the experimental 
error. Hence conduction is not electrode limited, and 
therefore the P-F conduction mechanism seems to be a 
more appropriate mechanism. 

The electrical conduction, in general, may be attributed 
to ions, impurity incorporations and electrons which 
migrate along the polymer chains and also to the charges 
released by electrolytic dissociation under thermal acti¬ 
vation. The distinction between electronic and ionic con¬ 
duction is difficult but it is suggested that ionic conduction 
is characterized by low mobilities and high activation 
energies, while electronic conduction is associated with 
relatively higher mobilities and lower activation energies. 
It is not possible to give definite limits for activation 
energy, but Jonscher and Ansari (1971) suggest that 
values less than 0-8 eV would normally be considered 
as the electronic conduction mechanism, while values 
around and excess of 0-8 eV would normally be attributed 
to ionic support. The modified P-F model (Jonscher and 
Ansari 1971) assumes that the electrons produced as a 



result of the field-assisted thermal ionization of donor-like 
centres perform thermally activated hopping between 
localized states. The effect of an external field is to 
lower the potential barrier between the hopping states 
from the initial value to a value where 

V = (e^/jiss^Y''- and has the same value as in the classical 
P-F mechanism. The modified P-F mechanism predicts 
an activation energy which is decreasing with the square 
root of the applied field. 

The conductivity was evaluated from the measured 
values of current from the plots of figure 1 at different 
temperatures, the characteristics of which are shown in 
figure 4. Two distinct regions are seen and these indicate 
different slopes at lower and higher temperature regions. 
Two cases are readily distinguishable experimentally 
simply by comparing the activation energies at lower 
and higher temperatures in different regions. In case 
of many polymers, glass transition temperature T can 
be measured from the change in slope of a vs lO^/T 
plots. A change in slope in cr vs IOVT plot of figure 4 
is also observed in the present case and indicates a 
transition temperature of doped PVP ~ 393 K. The of 
pure PVP (Palaska 1970; Standen and Scool 1970) is 
413-433 K, but in the present case, it is found to be 
393 K, indicating that dopant reduces of the polymer 
matrix. The dependence of conductivity on temperature 
for doped samples shows two distinct regions (figure 4) 
i.e. one below 7^ and the other beyond 7^. 
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The low-temperature slope is an arbitrary one and 
depicts the complex temperature dependence of distributed 
relaxation processes (Vanderschuren and Linkens 1978). 
The high-temperature slope (7’>r) is generally related 
to an ionic conduction process. According to Van Turn- 
hout (1975), conductivity in polymers shows a sharp 
increase near 7),. At T^, molecular motion of the chain 
segments lowers the trap depth considerably and trapped 
charges are released by thermal excitation. Above 7^,, 
life time of carriers in the conduction band is more 
which increases the conductivity rapidly. At low tem¬ 
peratures, conductivity is low. The small conductivity is 
due to trapping of injected charge carriers from electrode 
at different levels (Perlman 1972). Detrapping from these 
levels requires increased molecular motion of polymer 
chains. When thermal energy is supplied to a polymer 
its temperature increases which induces various transition 
in them. Increased molecular motion due to increase of 
temperature causes thermal excitation of charge carrier 
from the traps, either directly or due to lowering of trap 
depth. Molecular motions also result in release of trapped 
carriers due to loss of trapping sites. 

The electrical conductivity for samples doped at lower 
concentration remains low even beyond T,. It seems that 
chain motion is not effective in mobilizing the traps 
formed by dopant molecules and charge carriers released 
from mobilized traps, are again trapped in traps provided 
by dopant molecular sites. Thin polymer films are known 
to be a mixture of amorphous and crystalline regions 



Fisurc 5. Activation cncrs'v vs sauare root of field for 


(Chopra et al 1971). The conductivity behaviour of such 
films may be dominated by the properties of the amor¬ 
phous regions (Kosaki et al 1971). The presence of 
amorphous regions gives rise to localized states. Since 
there are many localized states, the release or excitation 
of the carriers in these states dominates the conduction 
process. Consequently, doping should not affect the con¬ 
ductivity too much (Marikhin et al 1965), unless the 
dopant is present in sufficient quantities to markedly 
affect the position of the Fermi level. Dopant molecules 
enter either the amorphous regions of the polymer or 
the defect regions like chain folds. If they are present 
in low concentrations, they will give rise to additional 
molecular sites for trapping of charge carriers (Jonscher 
1967). Such localized sites can be defined in molecular 
terms using the difference in ionization potential as an 
indication of trap depth. As the dopant concentration is 
increased, the molecules start bridging the gap separating 
the two localized states and lowering the potential barrier 
between them thereby facilitating the transfer of charge 
carriers (Sinha and Srivastava 1979; Kulshrestha and 
Srivastava 1980). 

The activation energies were calculated from the slopes 
of figure 4 and were plotted against the square root of 
the applied voltages. A straight line (figure 5) is obtained. 
The intercept of this straight line at zero field gives a 
value of W„ = 1-568 X 10"'‘Vr (()-98 eV). Its slope gives 
the value of v = 5-976 x lO"-"^ J m'^" V which is in 
agreement with its theoretical value of 6-214x I()“*‘'J 
m’/" Hence, our data fits fairly well in the modified 
P-F equation. 

The activation energy values observed in the present 
case are fairly high. Therefore, the possibility of charge 
carrier species inside the polymer bulk ionic in nature 
cannot be completely ruled out. Ionic conduction in 
polymeric materials is a controversial subject. Adamec 
and Calderwood (1978) have reported the existence of 
free charge carriers in polymers. Lilly and McDowell 
(1968) have also reported ionic space charge conduction 
under high field conduction. 

A comparison of currents of pure PVP and ferrocene- 
doped PVP reveals that an increase in current is observed 
with doping. Ferrocene is markedly aromatic in character 
and has three trap levels (Sauthgate 1976). The presence 
of trap levels may be due to morphological changes in 
structure. Addition of impurities like ferrocene, introduces 
charge carriers and trapping levels in PVP-ferrocene 
matrices (Khare et al 1997). The increase in current and 
decrease in activation energy in ferrocene-doped PVP 
films can be explained in terms of charge transfer 
complex formation as evidenced by the optical absorption 
spectra of pure ferrocene and ferrocene-doped PVP films. 

The formation of charge-transfer complexes is charac¬ 
terized by the appearance of a new absorption band or 
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ening in the absorption band in the UV-visible region 
of the spectrum (Rao 1967). The UV spectrum of 
ferrocene, undoped and ferrocene (50 mg)-doped PVP 
are shown in figures 6 and 7, respectively. A well-defined 
sharp band at 246 nm for PVP was observed. The UV 
spectrum for ferrocene consists of one ill-defined band, 
along with a sharp and a wide band at 252, 284 and 
440 ± 20 nm, respectively. However, in the case of 
ferrocene (50 mg)-doped PVP, UV spectrum exhibits all 
the three bands (as in the case of pure ferrocene) at 
252-5, 294 and 440 nm, respectively. The width and 
intensity of the bands have been found to increase with 
dopant incorporation. 

The effect of dopant incorporation may also be inter¬ 
preted on the basis of the microscopic structure of the 
polymer in thin film form. The polymer film, in general, 
consists of crystalline regions in which the molecular 
chains of the polymer are regularly folded or entangled. 
These crystalline regions are connected to amorphous 
regions in which the molecular chains of the polymer 



are irregularly folded. The motion of carriers is impeded 
at these crystalline-amorphous interfaces. Dopants, which 
may be present either as molecules or as molecular 
aggregates, generally tend to diffuse preferentially into 
the amorphous regions of the polymer (Khare and Singh 
1994). The presence of dopants in these regions causes 
a reduction of the crystalline-amorphous interface, which 
provides conductive pathways through the amorphous 
regions. 


Table 2. Activation energy for ferrocene-doped polyvinyl 
pyrrolidonc film.s at 373 K. 


Field 
(. .X 10' 
V/cm) 

Activation energy (cV ± 1 • 

5%) 

Fen'occne content 

in polymer 

matrix 

50 mg 

100 mg 

I 50 mg 

200 mg 

2-0 

0-97 

0-952 

0-948 

0-939 

5-0 

0-772 

0-769 

0-751 

0-749 

8-0 

0-62 

0-619 

0-608 

0-597 
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In polymers, surface states, chain folding, molecular 
disorders, crystalline-amorphous boundaries and chain 
ends may act as trapping sites. In addition polymer 
contains polar groups, where each dipole can act as an 
electron or hole trap (Seanor 1982). Polar groups may 
act as trapping sites and the chain folding also acts as 
traps. The charge carriers trapped at these trapping sites 
may be excited and contribute to the total conduction. 
PVP is a polar polymer. The polar side group moiety, 
pyrrolidone ring in PVP has carbonyl group of double 
bond. This group is attached to the main chain with an 
amide bond. The active groups of PVP are carbonyl 
groups and tertiary nitrogen atoms attached to the amide 
bond, which are in a reactive position at certain tem¬ 
peratures. The higher electronegativity of different atoms 
such as oxygen or nitrogen of PVP suggests the formation 
of CTC with ferrocene (Khare and Jain 1997). The side 
group of PVP in electrons) may form CTC by donating 
the electrons to ferrocene or nitrogen atom may also be 
involved in CTC formation at certain higher temperatures 
after the side group rotation of PVP. Ferrocene is 
jT-bonded nonpolar crystalline solid. Increase in ferrocene 
concentration in PVP increases the anisotropy (Khare 
and Chandok 1995a), which may be responsible for the 
creation of new tapping sites. Due to active jr-bond it 
allows nuclear substitutional reaction which may result 
in the formation of charge transfer complexes. This 
agrees with the earlier findings (Khare and Srivastava 
1992b; Khare et al 1993). 

5. Conclusion 

The current-voltage characteristics of ferrocene-doped 
PVP films show two regions corresponding to two di¬ 
fferent types of conduction. The conduction in low-field 
region is nearly ohmic while in moderate field region 
it is controlled by a Jonscher-Ansari modified P-F 
mechanism. The dependence of current and activation 
energy on the ferrocene concentration is attributed to 
charge transfer type of interaction. 
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Abstract. In this paper some electrical and optical properties of n-type CdTe films prepared by rf sputtering 
at 180 W power have been reported. For doping the films a number of pellets of pure Cd placed on the 
CdTe target were simultaneously sputtered with the target material to get Cd-doped CdTe films. The films 
after doping were found n-type. Maximum doping concentration obtained this way was of the order of 10*'’ 
cm~^. XRF spectra of target material and the rf-sputtered films were found to be more or less similar. All 
the films were found to have large number of defects indicated by profound aging effect in the initial stages 
of aging. The films became stable for measurements after about 8-10 days. Activation energy and band 
gap found from the temperature dependence of dark conductivity were 0-5 eV and 143 eV respectively. 
Photoconductivity of the films was studied and the photoconductive rise time, decay time and the decay 
constants were determined from the photoconductive rise and decay curves at 500 Lx and 1000 Lx of intensity 
of illumination. 

Keywords. Rf-sputtered film; doping; ageing effect; activation energy; photoconductive decay. 


1. Introduction 

Studies of CdTe thin films have received much attention 
for their various probable applications. This zinc blende 
type semiconductor (Rose et al 1987) having a direct 
band gap (~ 146 eV), is thought to be a promising 
candidate for thin film solar cell and other electro-optical 
devices. This is the only semiconductor of II-VI groups 
showing both types of conductivity (Zanio et al 1978). 

Different techniques to prepare CdTe films to study 
their characteristics have been adopted by different 
workers. Some of them are vacuum deposition (Uda et 
al 1978), closed-space vapour transport and closed-space 
sublimation (Mitchell et al 1985), electrodeposition (Basol 
1988), sintered films (Matsumoto et al 1984), spray 
pyrolysis (Banerjee et al 1989), rf-sputtering (Das and 
Cook 1988) etc. The main advantage of rf-sputtering 
is that stoichiometry of the sputtered material is retained 
in the deposited film (Fisher and Weber 1952), making 
it a suitable technique for depositing intermetallic 
compounds. 

Many workers studied structural, electrical and optical 
properties of CdTe films prepared by rf-sputtering. Some 
of the properties studied by us have already been pub¬ 
lished earlier (Sarmah and Rahman 1990). Some unpub¬ 
lished works such as XRF studies, temperature 
dependence of resistivity, aging effect on resistivity and 
photoconductive rise and decay characteristics are 
presented in this paper. 

*Author for correspondence 


2. Experimental 

CdTe films were prepared by rf-sputtering in an argon 
ion atmosphere as reported in our earlier paper (Sarmah 
and Rahman 1990). In order to prepare Cd rich films, 
pellets of cadmium were fixed on the target to sputter 
simultaneously along with the target material. The rf 
power was maintained at 180W in preparing all the 
samples. Two types of samples: gap-type and sandwich 
type, were prepared for electrical measurements. In gap 
type samples, indium was vacuum deposited on the two 
ends of rectangular CdTe films for electrodes. Sandwich 
type samples were prepared by depositing indium film 
before and after the deposition of CdTe films. Indium 
was found to make ohmic contact with «-type CdTe 
film. The work function of indium has been reported to 
be 3-97 eV (Rhoderik 1978) and that of CdTe to be 
> 4 eV (Sheer and Laar 1961), which satisfy the con¬ 
dition for making ohmic contact between them. For 
compositional analysis of rf-sputtered CdTe films, XRF 
spectra were taken with the help of a Philips pw-1480 
spectrometer. For studying different characteristics of the 
samples in dark and under illumination, experiments 
were carried out in a specially designed apparatus as 
shown in figure 1. The apparatus consisted of two coaxial 
cylinders, the inner one being supported by the outer 
one. The outer cylinder has a side tube fitted with an 
air tight window. The sample holder with the sample 
in it was vertically clamped to the outer surface of the 
inner cylinder so that the sample faced the glass window. 
Shielded wires from the pressure contacts to the vacuum 



heater was placed inside the inner cylinder whose tem¬ 
perature was controlled by a temperature controller 
(Philips-LD 30). An X-Y recorder (Digital Electronics 
Ltd) was used for the purpose of measurements. For 
taking I-V curves the bias voltage was given from a 
variable ramp (Systronic, model 1014). For photocon- 
ductive rise and decay, a constant voltage was applied 
to the sample through a standard resistance and was 
connected to the X-Y/t recorder. The voltage applied to 
the sample was connected to the X-axis of the recorder 
and the potential drop across the standard resistance due 
to the current flowing through the sample was connected 
to the Y-axis of the recorder. The annular space between 
the two co-axial cylinders was evacuated to about 10'^ 
torr by a rotary pump before taking any measurement. 

3. Results and discussion 

We have reported XRD studies in an earlier paper 
(Sarmah and Rahman 1990) and showed that the CdTe 
films prepared at lower rf power were amorphous and 
those prepared at higher power polycrystalline in nature. 
We have also observed that when the film was doped 
with In or Cd during sputtering, the film became more 
disordered (though not amorphous) even at higher power, 
compared to intrinsic film prepared at the same rf power. 
XRF spectra of target material and the rf-sputtered films 
were also taken to know the compositions and quality 
of films. Three typical XRF spectra are shown in figure 
2 for comparison. 


These rf-sputtered films were always endowed with 
defects during deposition. With time some defects are 
likely to heal up due to ionic movements and as such 
film resistivity decreases showing aging effect. For the 
purpose of observing aging effect, resistivity of rf- 
sputtered Cd-doped films was measured at room tem¬ 
perature after different intervals of time. The resistivity 
was found to decrease rapidly in the initial stage of 
aging and then at slower rate approaching a saturation 
value after several days as shown in figure 3 for two 
typical samples. Such aging effect has also been reported 
by earlier workers (Gogoi and Barua 1982). 

3.2 Activation energy and band gap 

Temperature variation of conductivity of two typical 
Cd-doped CdTe films has been shown in figure 4. Both 
gap-type and sandwich-type samples exhibit similar be¬ 
haviour except a slight shifting in conductivity value. 
This difference in conductivity of two types of samples 
may be attributed to the difference in thickness of the 
CdTe films. The thickness measured by interference 
method was taken for calculation of conductivity. But, 
obviously, in sandwich structure, the effective thickness 
was reduced due to penetration of counter electrode 
materials while in gap type samples thickness was not 
affected. However, the temperature dependence plots for 
both types of samples are parallel giving same activation 
energies. 

The activation energy obtained from the slope at lower 



Figure 1. Experimental arrangement for different measurements (L, light source; M. 
mirror; A, outer cylinder; B, inner cylinder; G, glass window; S, shutter; F, arrangement 
for filters; Th, thermocouple; El, electrodes; H, heater; T, temperature controller; D, 
diffusion pump; P, rotary pump). 

























152 


P C Sannah and A Rahman 


temperature region was about 0-5 eV. This corresponds 
to impurity conduction due to excess cadmium. As the 
temperature is raised, the impurity levels are exhausted 
and the conduction becomes intrinsic in. nature. The band 
gap obtained from the slope at higher temperature region 
was about 143 eV. 

3.3 Photoconductivity in CdTe films 

The variation of photocurrent with light intensity was 
recorded at room temperature. Photocurrent was observed 
to increase with light intensity showing saturation at 
higher light intensity as shown in figure 5 for two 
typical samples. The increase of photocurrent and decrease 
of resistivity with light intensity is due to generation of 
extra carriers upon illumination. At lower intensities the 
concentration of available recombination centres is very 
much larger than the concentration of free electrons, 
most of the excited electrons have been trapped. Under 
this condition, the photocurrent varies linearly with light 
intensity. However, at higher illumination, generation of 
carriers are controlled by the recombination processes 
(Bube 1960). 

The photoconductive rise and decay characteristics of 
Cd-doped films at room temperature were recorded with 
an X-Y/t recorder. Figure 6 shows the rise and decay 



DAYS 

Figure 3. Ageing effect on resistivity of two typical Cd-doped 
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Figure 4. In a vs T' plots for two typical Cd-doped CdTe 
films prepared at 180W. Sample PTl, gap type, doping cone. 
6 X lO'^^cm'-^ thickness 11,000 A, gap area 7-8 x 10'^ cm"; sam¬ 
ple PT2 sandwich type, doping cone. 3 x lO’"* cm"’"'; thickness 
! 0.500 A; electrode area 9-5 x 10"" cm". 



Figure 5. Variation of photoctirrent with intensity of illumi- 
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Figure 6. Rise and decay of photocurrenl with time at 300 K for a typical Cd-doped film. 
A, 500 Lx; B, 1000 Lx (rf power 180 W; doping cone. 2-5 x 10’'* cm"'\ gap area 2-5 x 10~" cm^). 


curves of a typical sample. The rise and decay processes 
are characterized by initial fast rise and slower decay. 
The rise and decay curves can be explained on the basis 
of release of electrons and holes under the influence of 
light accompanied by their recombination. The current 
reaches a steady value when the rate of recombination 
becomes equal to the rate of generation of new carriers 
and the concentration of carriers reach a steady value. 
When light is switched off, the initial rapid drop of 
photocurrent is controlled by recombination mechanism 
alone and depends on the life time of the majority 
carriers. However, at higher illumination the number of 
free carriers are higher than the trapped carriers and 
recombination takes place without involving trapping 
process (Bube 1960). 

The photoconductive rise time f and decay time r, 
were determined from the tangents to the rise and decay 
curves. The values have been observed to decrease with 
increase of illumination. The photoconductive decay curve 
has been found to fit the expression 

I =I r'' 

'pt ^ir > 

where /„ is the initial photocurrent at r = 0 and /p, the 
photocurrent after time t and b the decay constant. 

Two plots of log photocurrent vs log time of photo- 



log t ( Sec ) 

Figure 7. In photocurrenl vs In lime plois for photoconductive 
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Table 1. Values of photoconductive rise and decay times and 


decay constants of 
illumination. 

a Cd-doped 

sample at 

two intensities of 

Intensity of 
illumination (Lx) 

Rise 

time 

^.(s) 

Decay 

time 

^d(s) 

Decay constants 

*1 

^2 

500 

0-12 

0-20 

0-37 

0-58 

1000 

0-08 

0-16 

056 

0-68 


Sample no. P06, thickness 1 1,500 A, rf power 180W, gap area 
2-5 X lO"^ cm', doping concentration 12 x 10'“* cm"'-’. 


constants. They are observed to increase with illumination. 
The values of photoconductive rise time, decay time and 
the decay constants are given in table 1. The photocon¬ 
ductive response has been observed to be slightly lower 
in sandwich-type sample than in gap-type sample. This 
is possibly due to interception of illuminated light by 
indium electrode in sandwich-type sample. 

4, Conclusions 

Some properties of rf-sputtered Cd-doped CdTe films 
have been presented here. Doping of CdTe films by Cd 
from a number of pellets on the CdTe target during 
sputtering, can be achieved up to 10'‘'cm"A The films 
are found n-type and endowed with defects as indicated 
by the aging effect on resistivity. The resistivity of the 
films decreases very fast initially after the preparation 
of the samples and then slowly attaining a constant value 
after about 8 days. Temperature dependence of dark 
conductivity shows that conduction between room tempe¬ 
rature to 338 K is mainly due to impurity levels, acti¬ 
vation energy being about 0-5 eV. At higher temperature 
beyond 338 K the conduction becomes intrinsic showing 


a band gap of about 1-43 eV. The photocurrent has been 
observed to increase rapidly with illumination at lower 
values and tends towards saturation at higher values. 
The photoconductive rise and decay curves have been 
found to decrease while decay constants increase with 
illumination. 
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Abstract. The effect of hydrogen on the current (/-V) and capacitance {C-V, TSCAP) has been studied 
for Pd//i-GaAs diodes. Hydrogenation has been found to improve ideality factor of the diode. Reverse C-V 
characteristics show that the number of shallow and deep donors is reduced on hydrogenation. The TSCAP 
measurement shows the presence of two donor states at ~ 0-48 and 0-72 eV which is being partially passivated 
on hydrogenation. The likely origin of these states is discussed. 

Keywords. Hydrogen passivation; Schottky diodes; TSCAP. 


1. Introduction 

Hydrogen passivation of shallow and deep levels in 
semiconductor has been an active area of research (Haller 
1991; Pankove and Johnson 1991; Myers et al 1992; 
Pearton et al 1992), due to the high diffusivity and 
chemical activity at moderate temperature (- 400°C). A 
controlled neutralization of dopants by hydrogen has 
resulted in improving the opto-electronic/electronic pro¬ 
perties of a wide variety of semiconductors including the 
III—V compound semiconductor (Constant et al 1987; 
Jackson et al 1988). Common methods of intentional 
introduction of hydrogen into III-V compound are: 
hydrogen ion implantation and heating in hydrogen 
plasma. The latter leads to etching and damage in the 
near surface region while the former introduces a large 
number of compensating defects in bulk. In the present 
study, the passivation in n-GaAs has been attained through 
a supply of low energy hydrogen giving damage free 
injection. For this purpose Pd/n-GaAs diodes were fa¬ 
bricated and placed in a hydrogen atmosphere at room 
temperature. Palladium adsorbs the molecular hydrogen 
and stores it as atomic hydrogen. This, in turn, diffuses 
from palladium film to the Pd/GaAs interface towards 
the bulk semiconductor. We performed similar studies 
on silicon (Tripathi et al 1989, 1992) and GaAs (Sri- 
vastava et al 1991; Singh et al 1995), and shown that 
hydrogen diffuses to the interface and bulk, resulting in 
the passivation of the deep and shallow states. 

In the present communication, we have fabricated the 
Pd/n-GaAs devices and hydrogenated them in an atmos¬ 
phere of molecular hydrogen and studied the electrical 
(T-V, C-V and TSCAP) characteristics. It is observed 


2. Experimental 

The Pd/n-GaAs diodes were fabricated on Si doped 
(~ 10''’’cm”^), LEC grown /i-GaAs. The wafers were 
back contacted with Ni-Ge-Au. The wafers were first 
ultrasonically cleaned in trichloroethylene followed 
by acetone and then etched in a solution of 
NH,OH : HjO : HjOj. Palladium metal films (- 1000 A) 
have been deposited on the top of wafers in a vacuum 
of - lO'^^mbar by resistive heating technique. A suitable 
mask was used to give the diode area of 1-77 x 10"^ cm‘‘. 
For hydrogenation, the diodes were kept in an evacuated 
chamber (~ lO'^'rabar) and then hydrogen gas was slowly 
passed into the chamber to achieve a pressure of 1 atm 
(termed as the adsorption cycle). The transient change 
in the diode capacitance (at zero bias) in the hydrogen 
ambient has been monitored at 1 MHz using a Boonton 
72B capacitance meter. After the capacitance became 
constant in the hydrogen ambient, the diodes were exposed 
to air (termed as the desorption cycle) and the zero bias 
capacitance was recorded as a function of time. After 
the diode stabilized in air, the electrical measurements 
were carried out. The C-V measurements were carried 
out using a HP 4277A multifrequency LCZ meter. 

3. Results and discussion 

3.1 Variation in capacitance during adsorption and 
subsequent desorption 

The variation of capacitance at 1 MHz as a function of 
time on Pd/n-GaAs diode during adsorption and 
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(region C). During desorption, the capacitance (region 
D) slowly increases and stabilizes (region E). 

The initial increase of the diode capacitance in the 
hydrogen ambient (peak B) is understood in terms of 
changes in the work function of the palladium. The 
hydrogen gas is dissociated and adsorbed at the outer 
Pd surface. Hydrogen atoms then diffuse through Pd 
film and are adsorbed at the inner Pd surface. At this 
surface the adsorbed hydrogen atoms change the work 
function of this surface due to their dipole moments. 
The dipole is believed to result from the 5-type adsorption 
of hydrogen atom inside the Pd film (Lundstrom et al 

1975) , which reduces the work function (Steele et al 

1976) . Consequently, the barrier height of the Pd/n-GaAs 
initially reduces, giving rise to an initial increase in the 
diode capacitance (regions A-B, figure 1). 

The adsorbed hydrogen, having reached the interface, 
subsequently diffuses towards the GaAs bulk. The de¬ 
crease in the diode capacitance after an initial increase 
is possibly due to the interaction of diffusing hydrogen 
with the interface and the bulk states. The diffusing 
hydrogen may induce the compensating interface states, 
which results in the reduction of diode capacitance. Some 
of the acceptor states have been identified previously in 
the hydrogenated devices from the C-V studies (Srivastava 
et al 1991). 

It is observed that the capacitance becomes constant 
slowly with time which indicates attainment of a dynamic 
equilibrium by the device in the hydrogen ambient. The 
hydrogen diffusion in gallium arsenide may still continue 
but the changes produced in bulk (far from interface) 
cannot be monitored by zero bias capacitance measure¬ 


ment. The capacitance voltage measurements at reverse 
bias would give the information about the changes 
occurring deep inside the depletion layer towards the 
bulk of gallium arsenide. 

To study the desorption behaviour (regions D-E, 
figure 1), the device was exposed to air. The adsorbed 
hydrogen in Pd starts desorbing from the external surface 
of the palladium. Consequently, hydrogen at the Pd- 
internal surface tries to diffuse out through its external 
surface because of concentration gradient of hydrogen 
(Petersson et al 1984). The desorption of hydrogen from 
Pd layer and from the internal Pd layer in contact with 
semiconductor would give rise to an increase in the 
capacitance. However, there is a possible diffusion of 
bulk hydrogen back to the interface. The hydrogen would 
stay in a particular region, i.e. interfacial or bulk, 
depending on the availability for the sites of hydrogen 
bonding. After few hours the diode capacitance stabilizes 
in air. The net decrease in the diode capacitance after 
a full cycle of hydrogenation (adsorption and desorption) 
from its initial value, A to the final value, E can be 
attributed to the modifications induced by hydrogen at 
the interface or the GaAs bulk. The present current- 
voltage {l-V), capacitance-voltage (C-V) and thermally 
stimulated capacitance (TSCAP) studies support this. 

3.2 Current-voltage studies 

The current, / flowing through the Pd/n-GaAs diodes 
as a function of voltage (V) across it is shown in 
figure 2, before and after hydrogenation. It is obvious 
from the figure that the reverse current decreases after 
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hydrogenation. Figure 2 represents the typical behaviour 
for the five diodes studied earlier. The ideality factor 
( 7 ) and the barrier height ( 0 ^) for the devices have been 
estimated from the [-V characteristics (figure 2). For the 
estimation of ideality factor, the following relation (Sze 
1981) has been used; 

q dV 

k-T d{\nj)' ’ 

The values of ideality factor are 149 and 1-09 for the 



Figure 2. l-V characteristics of the Pd//i-GaAs diode before 
and after the hydrogenation cycle. 


control (unhydrogenated) and hydrogenated samples, 
respectively. The change in the ideality factor on 
hydrogenation shows an improvement of the device. The 
improvement is related to the passivation of the interfacial 
states. 

The Schottky barrier height can be estimated from the 
I-V studies by using the following relation (Sze 1981): 

kT 

0, = ^ ln4*rV7„, (2) 

where 4* is the effective Richardson constant 
( 8-6 Am'" K~~) and 7,, the saturation current density. 
The image force lowering contribution is neglected. The 
estimated values of are 0-90 and 0-92 eV for the 
control (unhydrogenated) and hydrogenated devices, 
respectively. The increase in the barrier height is known 
to be related with a decrease in the carrier concentration 
(Chin-Vincent et al 1990). 

3.3 Capacitance-voltage studies 

The capacitance-voltage studies have been carried out 
at three different frequencies viz. 10 kHz, 100 kHz and 
I MHz. Figure 3 gives the C-V (reverse bias) charac¬ 
teristics at three different frequencies. The effective donor 
density (N^) has been estimated for the devices using 
the relation (Sze 1981) 

where is the donor concentration, £„ the permittivity 
in vacuum, e the dielectric constant of GaAs 


•—• Before hydrogenation 
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(8^ = 13-13) and A the area^of the diode. The calculated 
effective donor density is given in table 1. Two 
general conclusions are obvious. 

(I) Effective donor density reduces after the hydrogena¬ 

tion at all frequencies. The effective donor density given 
in table 1 is + where corresponds to the 
ionized shallow donor density and the deep donor 
density (Milnes 1973). The reduction in the effective 
donor density after hydrogenation indicates a 

reduction in or or both of them. The hydrogen 
passivation of shallow donors and acceptors in GaAs 
has already been shown by many workers and is reviewed 
by Pearton et al (1992) and Pajot (1988). Passivation 
of deep states by RF plasma hydrogenation (Jalil et al 
1989) and low energy hydrogen ions (Bosacchi et al 
1989) has also been shown. 

(II) Measured effective donor density is less at higher 
frequencies. It is known that ionized deep states 
(Milnes 1973), contribute more at low frequencies. There¬ 
fore, the low frequency value of measured effective 
carrier concentration is a sum of and However, 


Table 1. Effective carrier concentration at different frequencies 
before and after hydrogenation of Pd/n-GaAs diodes. 


Frequency 

Effective carrier concentration (A^p) (cm~^) 

Unhydrogenated 

Hydrogenated 

10 kHz 

3-18X lO""’ 

M6x 10'** 

100 kHz 

1-80x10'^’ 

9-20 X 10*5 

1 MHz 

8-98 X 10*5 

6-20 X 10'5 


does not contribute at high frequencies and it 
approximates more to and hence will be lower than 
low frequency value. It can be found out that the value 
(deep donor density) can now be estimated by taking 
the difference of effective donor density at high frequency 
(1 MHz) and that at low frequency (10 kHz). The 
for the unhydrogenated devices is 2-28 x 10‘^ crn“^ and 
54 X 10'^ cm"^ for the hydrogenated devices. This shows 
that there is a density reduction of the deep donor states 
on hydrogenation which may be due to the hydrogen 
passivation of deep states. The involvement of such deep 
states in n-GaAs has also been seen by Lagowski et al 
(1982) and Pearton et al (1983). 

4. Thermally stimulated capacitance (TSCAP) 
studies 

In the present studies, we first filled all the traps by 
cooling the sample junction to ~ 130 K. Then, a reverse 
bias (2 V) was applied and the sample was heated up 
to 360 K at a rate of ~0-56K/s. The capacitance as a 
function of temperature during heating cycle is shown 
in figure 4 for unhydrogenated and hydrogenated devices. 
The TSCAP curves of figure 4 show two steps in the 
temperature range as given below: 


1 st step 2nd step 


For unhydrogenated 174-228 278-302°K 

For hydrogenated 177-225 286-293°K 


Further, it is obvious from the above that the tem¬ 
perature range of the capacitance steps are narrower in 
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Figure 5. 1/C" vs V plot of Pd//;-GiiAs diode before and after 
hydrogenation of the diode for which TSCAP studies are 
reported. 

the hydrogenated case and hence it can be inferred that 
the distribution of trap/defect states has become sharper 
after hydrogenation. 

The activation energy can be calculated by using the 
following relation (Buehler and Phillips 1976) 


From the magnitude of the capacitance step, the trap 
concentration (N) can be calculated using the relation 
(Buehler and Phillips 1976) 


N ,« 2N^ 


(c,-c,) 


I j 


(5) 


knowing can be calculated from the above equation. 

To estimate the donor concentration (A/q), C-V 
measurement was done before and after hydrogenation 
and 1/C^ vs V curve was shown in figure 5. The values 
of A/p calculated are 4-6 x 10’^ cm“^ and 2-7 x 10*'^ cm'^ 
for the unhydrogenated and hydrogenated devices, 
respectively. The trap concentrations estimated using 
above relation are: 4-4 x 10‘^cm“^ and 9-1 x 10'^ cm"^ for 
the trap energy 0-48 eV and 0-72 eV, respectively for 
the case of unhydrogenated device and for the hydro¬ 
genated device the trap concentration is 3-lxl0'®cm~^ 
and 3-4 x 10'^ cm“^ for the trap energy 0-48 eV and 
0-72 eV, respectively. 

The observed electron trap with energy 0-72 eV below 
the conduction band can be related to the well known 
EL2 defect (Martin et al 1977). The electron trap EL2 
is a native defect of bulk GaAs crystals, where it occurs 
in large concentration (up to several 10'* cm"^). Its for¬ 
mation is favoured in materials prepared under As-excess 
conditions as with LEG bulk crystals (used in the present 
study). It is ascribed to the ASq^ antisite defect, as 
suggested by many workers (Lagowski et al 1982; 
Schneider 1982; Henine et al 1986), but its microscopic 
nature is still controversial (Bourgoin et al 1988; Chang 
and Chadi 1988). The other electron trap EB6 or E3 
(E = 01eV) is observed by Martin et al (1977) and 
Lang and Kimmerling (1975). Mircea et al (1976) sug¬ 
gested that this level might be related to the point defects 
or point defects/impurity complexes. 

It may be noted that the concentration of both the 
observed states (0-72 and 0-48 eV) is found to be reduced 
in concentration on hydrogenation showing the partial 
passivation of these states. Hydrogen passivation of EL2 
defect states have also been reported by Lagowski et al 
(1982), Omel’yanovski et al (1987) and Kang et al 
(1993) in their study using hydrogen plasma passivation. 


m 


_m_ 

h(£ + 2/crj 


(4) 5. Conclusions 


Current-voltage, capacitance-voltage and TSCAP studies 
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Conducting polymer nanocomposites with extremely low percolation 
threshold* 

B M MANDAL 

Polymer Science Unit, Indian Association for the Cultivation of Science, Jadavpur, Calcutta 700 032, India 
MS received 13 February 1998 

Abstract. This article gives a brief review of our work on conducting polyaniline nanocomposites which 
exhibit extremely low percolation threshold, ca. -0 03 vol.%. The nanocomposites are essentially blends of 
nanoparticles of HCl doped polyaniUne (PANI) with conventional polymers. The nanoparticles (<20nm) 
were prepared by sonicating a suspension of sterically stabilized colloidal PANI particles in solutions of 
conventional polymers. The sonication process breaks down the stable colloid particles into nanoparticles. 
The latter are unstable and they aggregate fractally to yield nanocomposites with extremely low percolation 
threshold. 


Keywords. Polyaniline; conducting polymers; 

1. Introduction 

Conducting polymers (CP) are important emerging 
materials with the potential of varied applications e.g. 
in static charge dissipation, electromagnetic shielding, 
LED displays, gas sensors, biosensors, pressure sensors, 
corrosion protection of metals and semiconductors, tran¬ 
sistors, light weight batteries, etc (Ellis 1986; Gamier 
1989). However, many of the conducting polymers are 
difficult to process because of their insolubility and 
infusibility. Blending with commodity plastics provides 
a means of overcoming processing difficulties since the 
blend can be processed as the matrix polymer. Further¬ 
more, blending reduces the cost of the materials. The 
cost of the neat materials may be prohibitively high. In 
this respect lower the CP loading, cheaper will be the 
blend. Also, blends with low CP loading can be trans¬ 
parent. This property is technologically attractive because 
it opens up the possibility of using the transparent 
conducting blends as electrode materials in liquid crystal 
display devices. They may also find application as hole 
injecting materials in flexible polymeric LEDs (Heeger 
et al 1992) and as antistatic coating on microelectronic 
components. However, blends constituted of randomly 
dispersed conducting polymer particles fillers in a non- 
conductive matrix can reach percolation threshold {f^ at 
a composition of about 16 vol.% of CP according to 
the percolation theory (Zallen 1983). Below this critical 
concentration the blend is an insulator but the conductivity 
increases shaiply at due to the first development of 
connectivity between the particles in three-dimension 

*MRSI Medal Lecture, Mumbai, 1997 
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which provides the conducting pathway for the electrical 
charge carriers. With further increase in concentration 
of CP more such conducting paths are formed and the 
conductivity increases. However, the above mentioned 
concentration is high enough to make the blend non¬ 
transparent and cost-ineffective. 

Recently, we have used nanoparticles of CPs as 
particulate fillers in conventional polymers and 
achieved percolation at extremely low CP concentration 
ca. 0-03 vol% (Banerjee and Mandal 1995a, b). The 
fractal aggregation of the unstable nanoparticles has 
made possible achieving this remarkable result. Our result 
for polyaniline nanoparticle blends will be presented 
here. 

2. Experimental 

Dispersions of polyaniline in water were prepared using 
the method of oxidative dispersion polymerization of 
aniline at ~ 0°C in acidic aqueous (T2M HCl) medium 
using ammonium persulfate (APS) initiator oxidant and 
poly (vinyl methyl ether) (PVME) as polymeric stabilizer 
(Banerjee et al 1994, 1995). The oblong shaped particles 
(250xl90nm) were isolated by centrifugation and 
purified by way of redispersion in aqueous HCl fo¬ 
llowed by centrifugation. For the preparation of the 
blends the PANI particles as prepared by the above 
mentioned method were suspended in solutions of con¬ 
ventional polymers in THF, acetone, water etc depending 
on the solubility of the polymers. The suspension was 
then placed in a sonicating bath for periods ranging 
from 1 to 2 h. The resultant dispersions were then cast 
into films which were formed on evaporation of the 
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solvent. The blend films thus obtained were dried in 
vacuum at room temperature (Banerjee and Mandal 
1995a, b). 

The conductivity of the films was measured by the 
usual four-probe method. For transmission electron 
microscopy (TEM), the blend film was cast over carbon 
coated copper grids from suitably diluted dispersions 
and examined using a JEOL JEM lOOCT electron 
microscope. 

3. Nanoparticles of polyaniline 

The poly aniline colloid particles prepared as mentioned 
above have one remarkable property in that they undergo 
disintegration when suspension of the particles is soni¬ 
cated (figure 1). Figure la shows the original PANI 
particles (250 x 190 nm) and figure 1 b shows that the 



Figure 1. TEM images of PANl-HCI colloid particles; (a) 
prior to sonication and (b) 1 -5 h after sonication (reprinted with 
permission from Banerjee and Mandal 1995a; © 1995 American 
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particles have been reduced to sizes less than 20 nm 
following sonication. 

4. Blends of polyaniline nanoparticles with 
conventional polymers 

4.1 Electrical conductivity 

The electrical conductivity of the blends of the nano¬ 
particles of PANI with conventional polymers when 
plotted against PANI concentration does not exhibit any 
well defined percolation threshold as is shown in figure 
2 for polyaniline-poly (vinyl alcohol) (PANI-PVA) 
blends. However, an estimate of the percolation threshold 
may be obtained by fitting the data used in figure 2 to 
the scaling law of percolation theory which is as follows 
(Zallen 1983) 

o=C if 

where C is a constant, t the critical exponent, / the 
volume fraction of the filler particles (here PANI), the 
subscript p signifying percolation threshold. The fitting 
is shown in figure 3 which yields a value of 3-6x10“'^ 
for /p and 1-96 for t. For blends using other polymer 
materials similar/, and t values were obtained as shown 

p 



Figure 2. Plot of log electrical conductivity vs PANI concen¬ 
tration in PANI-PVA blend films. The inset shows an enlarged 
view for the low PANI concentration region (reprinted with 
permission from Banerjee and Mandal 1995a; © 1995 American 
Chemical SocietvV 









for percolation in three dimension of spherical conducting 
particles in an insulating matrix. 

Previously, Reghu et al (1994) reported conducting 
polyaniline blends which also have very low (ca. 
/p = 3xl0"^). In contrast to the present method those 
blends were prepared by the solution blending method. 
However, in order to make PANI soluble the dopant 
anion was changed from Cl” to camphor sulphonate 
(CSA) (Yang et al 1993). The dispersed PANI • CSA 
phase in the blends were shown with the help of TEM 
to have a fractal structure. The latter was presumed to 
result from the self-assembly of PANI • CSA molecules 
during liquid-liquid phase separation which occurs on 
the evaporation of solvent from the solutions of the 
blends (Reghu et al 1993). 


Table 1. and t data for various blends of PANI • HCl 
with conventional polymers.* 


Matrix 

o 

t 

PVC 

4-02 

1-87 

PS 

4-19 

1-91 

PVAc 

3-18 

1-94 

PMMA 

2-14 

1-89 

PVA 

3-60 

1-96 


*Reprinted with permission from Banerjee and Mandal 1995a; 
© 1995 American Chemical Society. 



log(W-Wc ) 

Figure 3. Plot of log conductivity vs log (w-w^) where w 
is the wt% of PANI in the blends and that at percolation 
threshold (reprinted with permission from Banerjee and Mandal 
1995a; © 1995 American Chemical Society). 


In order to find out the origin of the low in the 
present blends the morphology of the dispersed PANI 
phase was studied with the help of TEM. Figures 4a-d 
show the bright field images of the PANI-PVA blend 
films containing respectively 0 035, 0-045, 0-05, and 
0-5 wt% of PANI. The images show a fibrillar mor¬ 
phology of the dispersed phase. At the lowest PANI 
loading of 0-035% the PANI nanoparticles are formed 
to exist in isolated clusters. On increasing ^ the PANIf 
concentration to 0-045% the clusters appear to be weakly 
interconnected (figure 4b) which indicates that the system 
is near percolation. The structure is stringy and tenuous 
at this stage which is the characteristics of percolation 
threshold. As the PANI concentration is increased further 
to 0-05% the network becomes more dense. These results 
thus show that the percolation threshold is somewhere 
around 0-045% which is in very good agreement with 
the /p determined from conductivity studies (figures 2 
and 3). 

On increasing PANI concentration still further to 0-5% 
the system is found to undergo self ordering generating 
a particular pattern for the network which is in the 
process of formation in figure 4d and near completion 
in figure 4e. This self-ordering is characteristic of fractal 
growth (Mandelbrot 1983; Peitgen and Richter 1986). 
The fractal dimension of the structure shown in figure 
4e has been determined to be 1-78 (Mandal 1998). The 
low percolation threshold is attributed to the fractal 
growth of the dispersed phase. A fractal object grows 
faster than an Euclidian object since not every point 
which is defined by the Euclidian space is occupied in 
a fractal object. 

4.3 Mode of aggregation of nanoparticles 

As regards the cause behind the aggregation of the 
nanoparticles it may be noted that the nanoparticles as 
produced by the disintegration of the bigger particles do 
not have enough stabilizer to cover their surface. They 
are therefore unstable and it is well known that unstable 
colloid particles undergo fractal aggregation (Forrest and 
Witten 1979; Weitz and Oliveria 1984; Lin et al 1990). 
For example, Weitz and Oliveria (1984) found that 
stabilized gold sols containing particles of ~ 14-5 nm dia. 
undergo fractal aggregation to form aggregates which 
have a fractal dimension of ~ 1-75. In the present case 
for the structure shown in figure 4e, we determined a 
fractal dimension of 1-78 (Mandal 1997). 

5. Conclusion 

This study shows that polyaniline nanoparticles can be 
produced through the disintegration of sterically stabilized 




Figure 4. TEM images oF PANI-PVA blend films containing different amounts of PANI (in wt%) (a) 0-035%, (b) 0-045%, 
(c) 0-05%, (d) 0-5% and (e) 0-5%, but from a different region of the same film as was used for part (d) (reprinted with 
permission from Banerjee and Mandal 1995a; © 1995 American Chemical Society). 
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polyaniline colloid particles with the help of ultrasound. 
Nanoparticles produced in situ in solutions of conventional 
polymers undergo fractal aggregation such that the 
blends exhibit extremely low percolation threshold 
(~ 3 X lO""* volume fraction). 
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Infrared and chemical durability studies of some binary PbO and 
ZnO phosphate glasses and their corresponding sodium 
metaphosphate derivatives 
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Abstract Structural conclusions are obtained for glasses in the binary PbO and ZnO phosphate systems 
by IR spectroscopy. Alterations in bands, frequencies and intensities as a function of chemical composition 
are interpreted and these indicate various types of interlink between and cations and the host 
network, especially, when they are incorporated as NWF’s. Moreover, the metaphosphate structure, theoretically 
possible to be achieved in the structure of glasses with equimolar compositions SOMCIBO-SOPjOj (mol%) 
(where M is Zn or Pb), is not confirmed by their spectral patterns. However, this structure is confirmed 
to be achieved in the structure of glasses with lONajO-SOPbO-SOPjOj and 40Na2010ZnO-50P20g (mol%). 
The dissolution rates of most of the studied glasses were measured as a function of pH and variation in 
chemical composition. The results are discussed in light of the conclusions obtained from the IR study, 
structural model of phosphate glasses (Van Wazer) and the previously suggested mechanisms for dissolution 
of phosphate glasses. 

Keywords. Glass; phosphate; chemical durability; infrared. 


1. Introduction 

Among conventional oxide glasses, phosphate glasses are 
known to have comparatively low softening point but 
poor chemical durability. The durability of phosphate 
glasses containing zinc (Holliday 1977; Gray and Klein 
1982) and lead (Ray et al 1973; Minami and Mackenzie 
1977) has been studied in aqueous media. Of all the 
additions made to phosphate glasses to improve their 
durability, only PbO lowers the dissolution rate at the 
same time as it lowers the softening point (Tindyala 
and Ott 1978). 

According to Kordes et al (1953) classification for 
the cations involved in binary phosphate glasses, Pb'"^ 
is characterized as a normal cation, while Ztr'^ is cha¬ 
racterized as an anomalous cation. This classification has 
been made according to the evolution of properties versus 
the molai' content of the cation in glasses. The normal 
cations lead to linear evolution of properties/composition 
curves (e.g. density, index of refraction, conductivity, 
viscosity, durability etc), whereas such curves are non¬ 
linear for the anomalous cations. In the case of Zm'*', 
the nonlinearity was attributed to a gradual change of 
the coordination of Zm'^, although the characterization 
was not found to be an easy matter (Palavit et al 1995). 


*Author for correspondence 


On the other hand, Okura et al (1988) built a structural 
model to explain such nonlinearity, in the case of MgO- 
PjOg glasses, and attributed it to the coexistence of two 
structural models at Mg/P = 1 (four-membered rings of 
P 04 -tetrahedra together with a dimer of PO^-tetrahedra) 
rather than coordination variation. 

The present paper presents a new view to explain the 
difference in the way in which both Pb""^ and Z.r"' 
cations link themselves to the phosphate network and 
the reflection of such difference on the chemical durability 
values of the glasses in both systems. 

2. Experimental 

2.1 Preparation of glasses 

Lead and zinc binary phosphate glasses were studied by 
preparing the glass compositions ranging from 40PbO 
(or ZnO) 60 P 2 O 5 to 57-5Pb042-5P20g and dOZnOAOP.Og 
in 2-5 mol% stepwise increments. The materials used 
were reagent grade chemicals of NH 4 H 2 PO 4 , PbjO^ and 
ZnO. Na^O used in the preparation of glasses in the 
A'Na 20 (56-x)PbO (or ZnO)'50P2Og ternary systems was 
added in the form of Na^COg. 

Melting was carried out in 50 ml porcelain crucibles. 
The batches were first heated at 100°C and then at 
500°C for several hours prior to melting, in order to 
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the last trace of batch was observed to disappear, and 
annealed at 250-400°C. The variation in the melting and 
annealing temperatures was in accordance with the 
glass composition variation. The glasses were stored in 
desiccator to prevent uptake of moisture. 

2.2 FTIR measurements 

Dispersions of powdered glass with KBr (1-5%) led to 
transparent pellets by subjecting them to hydraulic press 
equal to 2000 kg/cm^ under vacuum. Transmission spectra 
were recorded in the range 200-2000 cm~' on a Jasco-300 
E FTIR spectrophotometer. 

2.3 Dissolution experiments 

All samples were tested as powders. They were ground 
and passed through 45- and 60-mesh sieves. The grains 
were applied to a magnet to remove any contaminant 
of iron that may have been introduced during the crushing 
process. Thereafter, they were cleaned and washed with 
acetone, methanol and bidistilled water, respectively. 

From density measurements it was possible to know 
the volume corresponding to 2 g of sample, and from 
the average diameter of grains (ca. 0 03 cm) was obtained 
their number and the whole surface of the sieved sample. 

The effect of six buffer solutions, ranging from 4-3 
to 9-0, was studied. To each of the samples was added 
100 ml of the freshly-prepared buffer solution at 70°C 
for 1 h in a sealed polypropylene container. The pH 
values of the solutions were measured before insertion 
of the sample and after its removal and the change in 
the pH was less than 0-2. 

After the soak time had elapsed, the grains were 
washed with acetone and dried in vacuum-tight oven at 
120°C to eliminate the residual traces of superficial 
water. The dissolution rate was calculated from the 
amount of total weight consumed over the time frame of 
the experiment and expressed in moles of glass dissolved 
per cm^ per min. Each data point on the present curves re¬ 
present the average of three times experimental repetitions. 

3. Results 

3.1 //? measurements 

For presenting our results and discussion, glasses will 
be referenced in this paper by their molar fraction ratios, 
x’s, of PbO (or ZnO), in the case of binary systems, 
and Na20, in the case of ternary systems. Binary glasses 
with X values equal to 0400 and 0425 were not measured 
because of the expected difficulties which may arise 
from their highly hygroscopic nature. Moreover, all 
the spectra are normalized between 30 and 60 T% at 
2000 cm"'. 


from 0450 to 0-575, are displayed in figure 1. Further 
attempts to produce glasses with higher x values failed; 
this is consistent with the previous finding of Furdanowicz 
and Klein (1983). 

The compositional range that was studied can be 
subdivided into two regions according to the intensity 
in the modification performed on the phosphate network 
and mirrored by the obtained IR spectra. The first region 
extends from z = 0-450 to 0-500 and is characterized by 
subtle changes in the studied domain (200-2000 cm"') 
corresponding to stretching modes of PO„ groups 
(v > 900 cm"'), P-O-P bridges (600-1000 cm"') and bend¬ 
ing modes of PO,^ (400-600 cm”') (Rousselot et al 1992). 
These changes can be summarized as follows: (i) the 
well-defined peak at 1300 cm"' (x = 0-450) is converted 
to a shoulder in the spectra of the glasses with x = 0-475 
and 0-500, this is accompanied with a downshift in its 
frequency value from 1300 to 1295 cm"'; and (ii) the 
frequencies of the bands at 1185, 870 and 475 cm"' 



Figure 1. The IR spectra of the binary .vPbO(l -x)P ,05 glasses 
in the range 45-57-5 mol% PbO. (The curves are displaced 
vertically to avoid confusion). 
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(x = 0450) are upshifted to 1210, 885 and 485 cm"' 
(x = 0-500), respectively. 

On the other hand, the second compositional region 
which extends from x> 0-500 to x = 0-575 exhibits drastic 
changes on the IR spectral profiles of the glass samples 
upon increasing the value of x. The changes can be 
summarized as follows: (i) the 1300 cm"' band (x = 0-450) 
continues its downshift till it eventually disappears at 
x = 0-575; (ii) the most intensive 1265 cm"' band is 
weakened and is observed as a shoulder located at 
1250 cm"' (x= 0-575); and (iii) the appearance of three 
new bands at 1220, 1050 and 960 cm"' (at x = 0-550 
and/or 0-575). 

3.1b xZnO-(J ~x)P^O^ system: The IR spectra of seven 
members belonging to this system, with x values extending 
from 0-450 to 0-600, are shown in figure 2. The ex¬ 
perimental results shown in this figure can be summarized 
as follows: (i) the bands at 1275, 1150 and 1090 cm"' 
show roughly similar intensity behaviours. They decrease 



and increase with the initial and second rise in x values, 
respectively, while they decrease with subsequent rises, 

(ii) the frequencies of the bands at 1340, 1275 and 
915 cm"' (x = 0-450) are downshifted to 1315, 1265 and 
900 cm"' at x = 0-550 while they are upshifted to the 
values of 1335, 1275 and 925 cm"' at x = 0-600 and 

(iii) the intensity of the band at 760 cm"' decreases with 
the increase in x value till it, eventually disappears at 
x = 0-600. On contrary, the intensity of the band at 
725 cm"' increases by the same measure. 

3.1c xNa^OfO-SO - x) PbO-0’50 P^O^ system: Figure 3 
shows the effect of replacing parts of PbO by NajO on 
the IR spectrum of 0-50 PbO-0-50 PjOg (mol%) glass (i.e. 
the stoichiometric composition of lead metaphosphate). 
The observed changes can be summarized as follows: 
(i) the bands at 1265 and 485 cm"' are intensified along 
the rise in x value. The intensification is more pronounced 
with the initial rise in x value, (ii) the disappearance of 
the shoulder at 1295 cm"' (x=0) in the spectrum of the 
glass with x = 0-20, (iii) the appearance of a new band 
at 1045 cm"' in the spectra of the Na^O containing 
glasses and (iv) the well-defined band at 1075 cm"' at 















jc = 0 is upshifted to 1100 cm ' in the rest of the glasses 
spectra and is identified as a shoulder. 

3.Id xNa20-(0-50 -x)ZnO-0-50 system: The IR 
spectra of the glasses belonging to this system are shown 
in figure 4. The experimental observations are similar 
to those described for the PbO-ternary system except 
that the present system shows some differences which 
are summarized as follows; (i) the influence of the initial 
increase in x values on the spectral profile of Na^O-free 
glass spectrum is less pronounced, (ii) the disappearance 
of the band at 1330cm“‘, which is of the same origin 
as that observed at 1295 cm“' in figure 3 (i.e due to 
V (P=0)), is seen to occur at x: = 40mol% rather than 
20 moi% as in the case of PbO-ternary glasses and 
(iii) the band which appears at 1045 cm'' in the Na,0- 
containing glasses of the PbO-ternary system does not 
appear in the present system. 

3.2 Chemical durability' 

3.2a Binary lead phosphate glasses: Leach rates based 
on total weight loss expressed in (mol glass-cm'^^-min"'), 



Figure 4. The IR spectra of different compositionally suggested 
metaphosphates in the system xNa^O CO-iO-.rlZnO-O-SOPjOg. 
(The curves arc displaced vertically to avoid confusion). 


are plotted as a function of glass composition variation 
at different pH values in figure 5. Strong compositional 
dependences are observed at all pH’s except pH 7, where 
the rates seem to be unaffected by the variation in glass 
composition. More specifically, the rates show increasing 
tendencies by a factor of nearly 10, along the rise in 
PjOj content from 42-5 to 50mol%. However, marked 
decreases in the rates are observed to take place in the 
solutions with pH <7 upon increasing the PjO^ content 
up to 52-5 mol%, followed by a steady increase with 
further increments in P^O, content. Because the data 
obtained for glasses with 57-5 and 60 mol% P^Oj contents 
are not reliable they are plotted only as examples at 
certain pH’s. 

Figure 6 shows the behaviour exhibited by individual 
glasses when exposed to solutions over the pH range 
34-9. The obtained results show roughly the same pH 
dependences for all the studied glasses except those with 
the lowest content. Marked decrease in the 

chemical durability of the glasses is observed to take 
place as the pH value increases in the acidic regime, 
while the chemical durability decreases suddenly as 
the neutrality point is achieved, further decrease in 
chemical durability is observed as the pH value is raised 
to 9 0. 

3.2b Binary zinc phosphate glasses: Figure 7 shows 
the effect of variation in the composition of glass on 
dissolution rates of the glasses included in this system. 
The leaching behaviour of these glasses follows the same 
general trends observed for the lead phosphate glasses. 
This is accompanied by two main differences: (i) the 
dissolution rates of ZnO-glasses is higher than their 
corresponding PbO-glasses by a factor of -100 times; 
and (ii) the minimum which appears in the ultraphosphate 
compositional range is located at 55 mol% in case of 
ZnO-glasses rather than at 52-5 mol% in case of 
PbO-glasses. 

Figure 8 shows the change in the dissolution rates of 
part of these glasses as a function of pH. In contrast 
to the results obtained for binary lead phosphate glasses, 
the rates decrease as the pH values of the attacking 
solutions were increased in the acidic regime, and the 
rates increase suddenly as the neutral point is achieved. 
This is followed by a decrease in the rates of the studied 
glasses as the pH value exceeds 7-0. 

3.2c Ternary xNa^O-iO-SO-x) PbO-0-50 system: 
The effect of variation in the glass composition on the 
dissolution rates of the glasses included in this system 
at three different pH values (pH 34, 7 and 9) are 
depicted in figure 9. The values were selected to explore 
the effect in the three conventional solutions media 
(acidic, neutral and basic). Although the dissolution rates 
of the studied glasses exhibit the same compositional 











dependence for all the values of pH’s that were studied, 
the behaviours varied according to the compositional 
range they are working in. The most characteristic features 
are: (i) sharp increase in the dissolution>rate accompanied 


with the initial increase in x value (10 mol% Na^O), and 
(ii) before the rate continues its steady increase it has 
been found to be retarded (or slightly decreased) as x 
approaches the value of 20 mol%. 



Figure 5. Rates of dissolution of binary .vPbO-(l{)0glasses in different buffer 
solutions as a function of PiO, content (at 70°C). 



Figure 6. Rates of dissolution as a function of pH values at 70°C for binary lead 
phosphate glasses of the following P^Oj contents (mol%): (a) 55; (b) 52-5; (c) 50; (d) 
47-5; (e) 45; (f) 42-5. 







4.1a xPbO (J - xjP^O^ system-. It is conventional to 
all glass researchers that both PbO and ZnO have the 
ability to reside in glassy structures either in network¬ 
forming or modifying positions. Their incorporations as 
NWF’s is expected to reduce the number of PO' groups, 
while their incorporations as NWM’s is believed to 
increase this number. Consequently, the IR bands cor¬ 
related to such groups should decrease in the former 
case and increase in the latter. However, the apparent 
constancy in the intensity and frequency values of the 
band at 1075 cm"' (PO")] in the first compositional 
range (0450 <a'< 0-500; figure 1) indicates that this 
group is not involved in the interaction between P 2 O 3 
and PbO, on the other hand the changes in the 1300 cm"' 
band indicate that the P=0 (phosphoryl) groups are 
involved. This may suggest the incorporation of PbO as 



Figure 7. Rates of dissolution of binary aZnO flOO 
glasses in different buffer solutions as a function of PjO.-confent 
(at 70°C). 


forming the so-called iso-silicate structure. 


1 f M / ^ ' 2- 

_0~p»0 Pb 0«P-0~ (PbO/, ) •2(1^0,, ) 

III ^li 

0 0 0 

I 1 I 

Moreover, the apparent constancy in the intensity and 
frequency values of the 1265 cm”' band [v^^(PO0], as 
X goes from 0 450 to 0-500, provides an additional 
support to such conclusion. 



Figure 8. Rates of dissolution as a function of pH values at 
70°C for binary zinc phosphate glasses of the following P^Oj- 
contents (mo]%) (a) 55; (b) 52-5; (c) 50; (d) 47-5; (e) 45^ (f) 
40. 
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The formation of the above structure would result in Finally, the metaphosphate structure suggested by the 
increasing the network order of polymerization (according stoichiometric composition of the glass with ;r = 0'500 

to Grimmer and Wolf (1991) notation). This may explain is not confirmed. This may be attributed to the presence 

the upshift of the (P-O-P) band from 870 of 1295 cm'‘ band [v(P=0)] in the spectral pattern of 

(j:= 0450) to 885 cm“' (x: = 0-500), in an opposite manner this glass. In other words, the band should disappear if 

to that suggested by Gray and Klein (1989). These the metaphosphate structure was achieved (Brow et al 

authors suggested that this band should shift downward 1994). 

upon crossing the ultraphosphate range towards the meta¬ 
phosphate composition, since the symmetry of PO^ 4.1b xZnO-(l -xjP^O^ system: The structural changes 

increases in this direction. which occur in these glasses, as the composition is 

As X exceeds the value of 0-500 (figure 1), the number altered can be deduced from the IR spectra shown in 

and intensities of the IR bands change significantly, figure 2. The changes in the spectral profile accompanied 

suggesting, extensive chemical reaction between PbO and with the rise in x value from 0-450 to 0-475, suggest 

PjOj. More specifically, the weakening of the bands at that Zn'"" ions are incorporated mainly as NWF’s in this 

1265 cm“' [v^^(PO0] and 780 cm"' (P-O-P)l reflects compositional region. This may be manifested by decrease 
the occurrence of continuous structural breakdown, and in the intensities of the bands at 1275 [v^^(P 02 )], 1150 
the 15 cm"' shift of the former band is consistent with [v (PO 3 )] and 1090 cm"' [v^. (PO')] together with the down- 

the results reported (Kang Sun and Risen 1986; Bruni shift of the latter band to 1070 cm"'. However, the 

et al 1994) about vibrational, IR and Raman spectra of decrease in the intensity (PO") band suggests that Zxr'* 

phosphate glasses containing chains of variable lengths, ions interlink themselves to the network through these 

with unique difference that occurs here as x goes from groups rather than the .Tr-bonds of the phosphoryl groups. 

0-550 to 0-575. The incapability of the Zn ions to make use of jr-bonds 

The replacement of the 1265 cm"' strong band by new can be understood on the basis of zinc being regarded 

band at 1217-1220 cm"', reveals (Rousselot et al 1992) as a nontransition element, since it cannot form a com- 

that there are, approximately, no more PO^ groups but pound in which the <j/-shell is other than full. Thus the 

only PO 3 ones which give rise to the latter new line at possibility of r/.:ir-bonding is very much lowered (Cotton 

x: = 0-550 and 0-575. Furthermore, the presence of new and Wilkinson 1972). Accordingly the following inter¬ 
small band at 960 cm"' may be assigned to v^PO^ mode action may be suggested; 

of P 2 O 2 " (Sammet and Bruckner 1987). On the other 

hand, the 1300 cm"' shoulder, which survives up to ^ 0 0 0 

x: = 0-550, disappears at x= 0-575 reflecting complete de- 1 _ , III 

localization for the yr-bonds of the phosphoryl groups 2 ^0—P—0 Hj -ZnO ► 0 =P—O-Zn-O-P-0 *1420 

in the structure of this glass. 0 0 0 0 



10 20 30 40 10 20 30 i.0 10 20 30 40 

NajO.Cmol %) 



yv ADa Li cinaji ana l> wranim 


1 /4 

This reaction suggests an increase in the number of 
the P=0 groups, and consequently the water content of 
the glass should increase. This can be concluded from 
the intensification of the band ~ 1650 cm'', attributed to 
the bending vibrations of H^O molecules. 

According to Bruni et al (1994), the intensity of the 

(POj) mode should decrease as we go apart from the 
metaphosphate composition, i.e. either in the direction 
of polyphosphates or ultraphosphates. Thus, the un¬ 
expected decrease in the intensity of this band (1275 cm"') 
as we go from x = 0-450 to 0-475 is indicative of the 
action of ZnO as NWF. 

On the contrary, the significant increase in the band 
intensity at 1276 and 1070 cm'' (x = 0-475) together with 
the upshift of the latter band as x goes from 0-475 to 
0-500 is indicative of the action of ZnO as NWM. The 
depolymerization of the network results in the generation 
of increasing number of NBO’s. The increase in such 
number per phosphate tetrahedra, increases the capability 
of phosphorous ions to compensate their high positive 
charges by performing closer coordination to their next 
nearest neighbour NBO’s. This may be the cause of the 
observed 30 cm'' shift of the v (PO') band as x goes 
from 0-475 to 0-525. 

Moreover, the increase in the band intensity at 745 cm"' 
due to (P-0-P)^.y^.i is at the expense of that at 770 cm"' 
due to (P-O-P) which marks the formation of increasing 
amounts of structures. The formation of such ring struc¬ 
tures results in the polymerization of PO'"' groups, which 
increase the probability of localized double bond forma¬ 
tion. This may account for the upshift of the P=0 
(1315-1335 cm"'). 

Finally, the metaphosphate structure which has not 
been confirmed in the case of PbO is neither confirmed 
in the present case due to the presence of the band at 
1330 cm"' [v (P=0)] in the spectral pattern of the 
x = 0-500 glass. 

4.1c xNajO^O-SO - x)PbO-0-50Pp^ system: The replace¬ 
ment of PbO by Na,0 is expected to increase the order 
of depolymerization of the network by creating increasing 
number of NBOs. Such creation can be manifested by 
the sharp increase in the intensities of the bands at 1265 

(POj)] and 480 cm"' [<5.^^ (PO,)], the upshift of the 
1075 cm"' band to 1100 cm"' [v,(PO")], and the appea¬ 
rance of the new band at 1045 cm"' [v, (PO^~)] (see 
figure 3). The formation of the NBOs is assumed to 
occur according to the following two reactions: 

= P-O-P = -I- Na,0 2(= P-0") -f 2Na-", 
or 

a P-O-Pb = -t- Na,0 -> = P-0" -t- = Pb-O" -f- 2NaT 

^ .A ^ M M « /■» lx f rt/-| 4*/^ A •Po 1 f » 1 


polarizable than those in the (P-O-P) units, and hence 
their bonds are more susceptible to be broken. 

The disappearance of the 1295 cm"' band [v(P=0)] in 
the spectrum of the glass with x = 0-20 suggests the 
conversion of the three-dimensional network to one¬ 
dimensional network. In other words, the metaphosphate 
structure, which has not been confirmed by the structure 
of the 50PbO-50P^O5 (mol%) glass, is established (i.e. 
Q'-moities dominate). Moreover, the two bands which 
appear at 1045 and 1000 cm"' reflect the formation of 
pyrophosphate and orthophosphate units (Tatsumisago et 
al 1988), respectively. The decrease in the intensities of 
these two bands, as x exceeds 0-15, seems to be parallel 
to the increase in the intensity of the shoulder at 700 cm"'. 
This reveals that the increase in the amount of cyclic 
structures is mainly performed at the expense of the 
low-molecular-weight molecules (e.g. pyro- and 
orthophosphates). 

4.Id xNa20 (0-50 - x)ZnO 0-50 P^O^ system: Because 
of the similarity between the changes in the IR spectra 
of the PbO-ternary system (figure 3) and the present 
system (figure 4), the same discussion carried out pre¬ 
viously can be reported here. However, the differences 
are presented as follows: (i) the metaphosphate structure 
(built up as infinite PO^-tetrahedral chains) is established 
at x = 0-40 rather than at 0-20 in the previous system, 
(ii) the comparison between the area of (POj) band 
in both the systems suggest shorter metaphosphate chains 
in the present system. This can be attributed to the 
higher field strength of Zn^^ cations as compared to Pb^"^ 
cations (Bartholomew 1972), and (iii) the pyrophosphate 
groups are not observed to exist in the present case. 

4.2 Chemical durability 

4.2a The effect of composition: Chemical durability 
results can be discussed on the basis of the polymeric 
structural model of phosphate glasses suggested by Van 
Wazer (1951). Accordingly, the basic unit is the tetra¬ 
hedral POj group which can be bonded to a maximum 
of three neighbouring groups through bridging oxygens. 
The addition of modifier oxides disrupts the bridging 
(P-O-P) bonds and lowers the number of bridging PO^ 
tetrahedra. 

In polyphosphate region (P 2 O 5 < 50 mol%), glasses are 
considered to be composed of unbranched polymer of 
variable chain lengths. The average length of the chains 
increases with increasing P^Oj content of the glasses. 
However, since the mechanism of hydrolysis comprises 
the rapid suspension of intact polymers in aqueous 
solutions, the shorter the chains the easier their dissolution 
(i.e. glass compositions with higher P 2 O 5 contents, with 
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In contrast to the above point of view, Dickenson 
(1994) suggested, on the basis of the stability constant 
criterion, that glass compositions with lower P,0, contents 
(i.e. shorter chains) will have improved chemical 
durabilities. This is built on the fact that the stability 
constants increase in the direction meta- < tetra- < tri- 
< pyro- < orthophosphates. However, the present results 
in both cases of PbO-binary glasses (figure 5) and 
ZnO-binary glasses (figure 7 ), in the region 
mol%, are consistent with Dickenson’s point 
of view. Fortunately, similar behaviour has been obtained 
previously (Furdanowicz and Klein 1983) upon subjecting 
binary lead phosphate glasses to the action of water at 
ambient temperature. The results were explained on the 
basis that PbO has a dramatic effect on the rate of 
dissolution of phosphate glasses as it apparently behaves 
as network-former with respect to the dissolution of the 
glass in solutions, cross-linking the relatively inert poly¬ 
phosphate polymers into a very durable network. 

As PjOj contents exceed 50 mol%, branching tetrahedra 
are introduced, serving as steric hindrance to the diffusion 
of the attacking species into the glass and, consequently, 
lower the rates of dissolution (figures 5 and 7). However, 
as the fraction of branching PO^ tetrahedra increases, 
good deal of strain is introduced into the network which 
encourages the hydrolytic cision of these branching units, 
leading to an increase in the rates of dissolution. 

The minimum corresponding to the lowest dissolution 
rates in the ultraphosphate region was predicted (Bae 
and Weinberg 1994) to be, at approximately, 60mol% 
P 2 O 5 . The ability of both Pb’'" and Zn'"" cations to act 
as NWFs increases the real value of Q^/Q~ over the 
theoretical one calculated from the following equation. 


where x is the mole fraction of the modifying oxide in 
the ultraphosphate region of a binary glass. 

This may be the reason which stands behind the 
appearance of such minimum at 52-5 and 55 mol% P^O,; 
in the cases of binary PbO glasses and ZnO glasses 
(figures 5 and 7), respectively. 

4.2b The effect of pH: The dissolution of most phos¬ 
phate glasses is governed by the ‘hydration mechanism’, 
which includes the protonation of the phosphate chains, 
in acidic solution, and disruption of the cross-links 
between them via the following chemical reaction: 

0 O 

I I 

=0-P-0M + ¥T-^ =0-P-0H + 

I I 

n 


what is called ‘uniform dissolution’. It is obvious that 
the rate of such dissolution is accelerated with the rise 
in (H^). 

Although this acceleration is confirmed by the results 
obtained in the case of ZnO-binary glasses (figure 8 ), 
in the acidic regime, it is not confirmed by those obtained 
in the case of PbO-binary glasses (figure 6 ). This does 
not conclusively suggest that the hydration mechanism 
is invoked. Repeatedly, such unusual behaviour may be 
attributed to the partial action of PbO as network-former. 
In this case, the P-O-Pb bond has some covalent cha¬ 
racteristics. Thus, the ion exchange process, between 
H^O'^' and the Pb""" cations located between phosphate 
chains, is thermodynamically less favourable (Peng and 
Day 1991). This may indicate that the above hydration 
reaction is not the rate determining step governing the 
dissolution of the phosphate network. 

On the other side, the increase in rates of the ZnO- 
binary glasses (figure 8 ) upon achieving the neutrality 
point represents another unusual behaviour. This may be 
attributed to the increase in the water content in the 
structure of the glasses as a consequence of the increase 
in the P=0 groups upon the incorporation of the ZnO 
as NWF and the formation of cyclic structures as has 
been concluded from the IR study. 

Although Zn-"^ possesses higher field strength than Pb^"^ 
and is assumed to express greater blocking effect to the 
glass structure, the obtained results reveal opposite trend. 
More specifically, the dissolution rates of the ZnO-binary 
glasses are higher than their corresponding PbO ones 
by -100 times. This may be referred to the following 
two reasons. 

First, the hydration mechanism is most likely controlled 
by two factors: (i) the bond strength of the cross-link 
between modifier cation and phosphate chain, and (ii) 
the affinity of the cation to water. According to the first 
factor, the hydration in the case of Pb’’*^ is expected to 
be easier than in the case of Zn"'^ because of its lower 
field strength which leads to a weaker bond strength. 
However, in hydration reaction, ion-dipole (Pb"^- or 
Zm'^'-HjO) interaction plays an important role in deter¬ 
mining how soluble an ionic compound will be in 
solution. Zn-'^' cation has a greater electrostatic interaction 
with water than Pb^^ since it is smaller in size and its 
charge is more concentrated. Thus, Zn""^ cation possesses 
higher in-dipole interaction. The obtained results 
suggest more importance for second factor than the 
former one. 

Secondly, the ability of Pb"'^' cations to link themselves 
through the ^^r-bonds of the phosphoryl groups, thus 
building a network which mimics that of silicate glasses, 
together with the incapability of Zn""^ cations to make 

cnr*h fnmnflr'f ctnirfnrp hoc hppn cpp.n 'fmm fhp HlQ- 
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equimolar PbO-P,0, glass accompanied with the initial 
10mol%, replacement of Na,0 for PbO (figure 9) may 
be attributed to the relieving of the previously suggested 
silicate like structure. This suggests the preference of 
the second reason over the first one. 

On the other hand, the above behaviour is followed 
by a slight decrease in the dissolution rates accom¬ 
panied by the second replacement of Na^O for PbO, 
exhibiting a minimum at .t = 0-20. This composition 
(ZONa^O-SOPbO-SOP^O,) resembles that suggested from 
the IR study to achieve the ideal metaphosphate structure. 
This structure has supposedly improved chemical dura¬ 
bility. Although further replacements of Na^ (low field) 
for Pb^'*^ (high field strength) would result in increasing 
the lengths of the metaphosphate chains (Bartholomew 
1972) no further decrease (or retardation) to the increase 
in rates are observed. This may indicate that such elon¬ 
gation in chain lengths cannot withstand the effect of 
replacing monovalent cations (Na'") for divalent cations 
(Pb^'*') anymore. 

5. Conclusion 

The results show that the dissolution rates of the binary 
zinc phosphate glasses are higher than their corresponding 
lead glasses by about 100 times. Such difference in the 
dissolution rates of the glasses in both systems was 
destroyed by replacing 10mol% NUjO for PbO in the 
50PbO-50P,O, (mol%) glass composition. The results 
could not be correlated to the difference in the field 
strengths of the Pb'^ and Zn*"^ ions. They were rather 
correlated, according to the IR results, to the difference 
in which both cations interlink themselves to the phos¬ 
phate network when they are incorporated as NWFs. 
Moreover, Pb*"" cations exhibit the ability to form compact 
iso-silicate structure, while Zn-'*' cations do not. 
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Compaction behaviour of plaster of Paris dewatered- and air 
dried-Nigerian clay 
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Abstract. The effects of compaction pressure on the green bulk density and porosity of Nigerian clay were 
examined over a range of pressure from 47-2 to 157-3 MPa. An exponential behaviour was found between 
pressed relative density and compaction pressure, the logarithm of relative density increasing with compaction 
pressure. 

An exponential behaviour was also found between compaction pressure and true porosily, the latter 
decreasing as the logarithm of compaction pressure increased. 

Finally, empirical equations relating to true porosity and compaction pressure and also the relationship 
between relative density and compaction pressure, are presented. 

Keywords. Compaction behaviour; plaster of Paris; Nigerian clay. 


1. Introduction 

The compaction behaviour (Dynys and Halloran 1983) 
of ceramic powders is strongly influenced by the state 
of agglomeration of the powder. With increasing applied 
pressure the density of the powder column will increase, 
or its porosity will decrease. Several workers (Yu Balshin 
1938; Seelig and Wulff 1946; Bockstiegel and Hewing 
1965) have studied the relationship between applied 
pressure and the density or porosity of powder compact, 
and have attempted to establish mathematical relationships 
between pressure and average relative density. For dry 
compaction of nonplastic materials, the agglomerate state 
of primary industrial relevance involves nonaggregated 
powder agglomerated into powder free-flowing granules 
by spray-drying with a binder. Clay in itself has binding 
characteristics. 

The object of this study is to investigate the effect 
of compaction pressure on the green bulk density and 
true porosity of Nigerian clay*'' suitable for refractory 
brick manufacture. 


dewatered on a plaster of Paris bat and dried in air to 
a leather-hard condition. The resulting lumps were crushed 
to powder containing 2-3% moisture. 

The clay powder was compacted using a 19 mm internal 
diameter steel die and punch set. The punch and die 
were lubricated with engine oil to lessen die-wall friction 
effects. Compaction was performed on a Buehler Ltd 
laboratory mounting press at pressures of 47-2, 62-9, 
94-4, 110-1, 125-8, 141-5 and 157-3 MPa. Ten clay discs 
were compacted at each pressure. 

The true specific gravity of the clay powder was 
determined by the evacuation method (Chesters 1974), 
Three concordant readings were obtained and an average 
value taken. 

The green bulk density and apparent porosity of the 
clay compacts were determined by evacuation method 
with kerosene as the liquid medium. The bulk density, 
D was calculated using the relationship; 


2. Experimental 

The clay used in this study consisted basically of clay 
substance, vegetable matter and free silica. The as- 
received clay was wet-sieved to pass 200 mesh. The 
resulting slip was allowed to settle for 48 h and the 
supernatant liquid decanted. The slurry was then 


*Clay is from Afikpo in Abia Slate of Nigeria. 


where Wj is the dry mass, the soaked mass, VPp the 
suspended mass and is the density of the liquid medium. 

The apparent porosity (AP), was calculated using the 
relationship; 


AP = 




( 2 ) 


The true porosity (TP), was also calculated using the 
relationship; 


177 



1 


u o nwuuuuu 


TP=1--^, (3) 

where D is the bulk density of compact and D,, the true 
density of the clay powder. 

3. Results and discussion 

The specific gravity of the clay as determined by the 
evacuation method is 2-60. 

3.1 Effect of compaction pressure on green bulk 
density 

The green bulk density-compaction pressure relationship 
exhibits a straight line on a semilogarithmic plot, within 


Table 1. Effect of compaction pressure on green bulk density. 


Compaction 
pressure 
Designation (MPa) 

No. of 
specimens 

Average 
green bulk 
density 
(g cm“^) 

Standard 

deviation 

PI 

47-2 

10 

1-88 

0-0126 

P2 

62-9 

10 

1-93 

0-0101 

P3 

944 

10 

1-97 

0-0054 

P4 

110-1 

10 

2-04 

0-0065 

P5 

125-8 

10 

2-07 

0-0050 

P6 

141-5 

10 

2-09 

0-0111 

P7 

157-3 

10 

2-11 

0-0085 


the range of compaction pressures used in this investi¬ 
gation. Table 1 lists the average bulk density against 
the corresponding compaction pressure. Figure 1 shows 
the semilogarithmic plot of the relative density, D/D^^ 
against compaction pressure based on least squares 
analysis. 

3.2 Effect of compaction pressure on green porosity 

The relationship between the compaction pressure and 
green porosity exhibits a straight line on a semilogarithmic 
plot, within the range of compaction pressures used in 
this investigation. Table 2 lists the average green porosity 
as a function of compaction pressure. Figure 2 shows 
the semilogarithmic plot of compaction pressure against 
green porosity (volume fraction). 

The most prominent features of this investigation are 
the linear relationships resulting from the semilogarithmic 
plots of relative density vs compaction pressure and true 
porosity vs compaction pressure. This means that the 
bulk of the compaction data, from 72 to 81% theoretical 
density, can be represented simply by the empirical 
equation 

D = exp {kP), (4) 

where k is empirical slope, P the compaction pressure, 
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D the density of compact at pressure, P and the true 
density of the clay powder. 

The D/D^^ and P values obtained in this study were 
highly correlated. A plot of In/)//)„ vs P could be fit 
by a straight line with a regression coefficient of 0-9862. 
Increasing the compaction pressure from 47-2 to 157-3 
MPa increases the bulk density from 72 to 81% of the 
theoretical density. 

Again, increasing the compaction pressure from 47-2 
to 157-3 MPa decreases the true porosity, expressed as 
a volume fraction, from 0-278 to 0-190. This allows the 
bulk of the compaction data, from 0-278 to 0-190 true 
porosity, to be represented simply by the empirical 
equation: 


Table 2. Effect of compaction pressure on green porosity. 


Compaction 
pressure 
Designation (MPa) 

No. of 
specimens 

Average 

green 

porosity 

(vol. 

fraction) 

Standard 

deviation 

PI 

47-2 

10 

0-278 

0-0049 

P2 

62-9 

10 

0-256 

0-0039 

P3 

94-4 

10 

0-242 

0-0021 

P4 

110-1 

10 

0-214 

0-0025 

P5 

125-8 

10 

0-203 

0-0020 

P6 

141-5 

10 

0-196 

0-0044 

P7 

157-3 

10 

0-190 

0-0033 


P = exp (- bp), (5) 

where P is the compaction pressure, the compaction 
pressure at zero porosity, b the empirical slope which 
is a constant for the material and p the volume fraction 
porosity. The straight line obtained from a semilogarith- 
mic plot of pressure, P vs volume fraction porosity, P 
has a regression coefficient of 0-9831. This suggests that 
the pressure-porosity relationship is well correlated. This 
is anticipated by the Duckworth (1953) equation in the 
discussion of Ryshkewitch’s paper. 

However, it should be noted that the mechanics of 
dry powder compaction is complex in its details (Broese 
Van Groenau 1981), and unclear in its foundations 
(Onoda and Urban 1978), and therefore all equations 
must be considered empirical rather than based on the 
principles of mechanics. Nevertheless they are quite 
useful for the purpose of interpolating green densities 
and/or porosities as a function of compaction pressure. 

The effect on green density and porosity of compaction 
pressures less than 47*2 MPa and greater than 157-3 MPa, 
was not investigated in this study. The extra¬ 
polated density is l-79gcm''^ as against the tap density 
1 -31 g cm“^. It is anticipated that the porosity will increase 
exponentially with a decrease in compaction pressure. 

When semidry powders are pressed, there must be 
incomplete transmission of pressure because a proportion 
of the thrust is taken up in overcoming the friction the 





grains exert on each other and on the sides of the die. 
Shaxby and Evans (1923) have shown that the pressure 
decreases with the distance from the surface layer at a 
rate directly proportional to the coefficient of friction 
of the particles on the walls of the die and to the 
externally-applied pressure but inversely proportional to 
the radius of the die (assumed cylindrical). 

Consequent on this pressure gradient, the bulk density 
in the pressed compact must vary with the depth, in 
accordance with the logarithmic relationship already 
established. 

The apparent porosity of sintered firebricks varies from 
9% (very low) to 22-5% while the bulk density varies 
from 1-96 to 2-36gcm'''\ From the compaction data, a 
suitable compaction pressure corresponding to a given 
green bulk density or porosity of refractory bricks made 
from the clay used in this study can be estimated. It 
should be noted that the porosity of the sintered material 
will decrease while the bulk density will increase. This 
means that within the range of compaction ■ pressures 
used in this study, sintered refractory bricks having 
porosities between 1-96 and 2-36 g cm"^ can be produced 
from the Nigerian clay used. 

4. Conclusion 

The effect of compaction pressure on the bulk density 
and porosity of the Nigerian clay can be described by 
empirical expressions relating logarithm of relative density 
to compaction pressure and also relating logarithm of 
compaction pressure to true porosity before sintering. 

The empirical equation describing the effect of com¬ 
paction pressure on the porosity is similar to the Duck¬ 
worth equation in the discussion of Ryshkewitch’s paper. 

The relationship between the bulk density, D and the 
compaction pressure, P can be represented by 

D = exp(l-07x]0-^P), 


where D^^ is the true density. 

The relationship between the compaction pressure, P 
and the volume fraction of porosity, p can be represented 
by 

P = 1816 exp (— 12-94 p). 

The compaction data for this clay sample has been used 
to produce refractory bricks by dry pressing prior to 
sintering. 
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CCA leachability of slow dried three major bamboo species of 
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Abstract. Chromated copper arsenate (CCA) leachability tests on full cell pressure impregnated (with 2-3% 
CCA solution) and slow dried (six months air-drying under cover) bamboo block of three major bamboo 
species of Bangladesh revealed initial insignificant leaching of CCA within first week and no leaching in 
next week. Use of low concentration of CCA, release of particle form of CCA due to exposure of bamboo 
blocks by cutting and presence of water soluble extractives in bamboo might be the causes for initial leaching 
of CCA. 

Keywords. CCA leachability; slow dried bamboo; fixation. 


1. Introduction 

The bamboo is distributed world wide, especially in 
tropical areas. It is socioeconomically and environmentally 
important village and forest crop of Bangladesh (Lahiry 
1995a). Besides ecological importance, bamboo is the 
main raw material for rural housing and also the principal 
source of withes for making basketry and matting (Banik 
1998). From the environmental and economical point of 
views, the service life of bamboo and bamboo products 
have to be increased to control the present reserve. The 
untreated bamboo is perishable. The bamboo reserves 
can be increased two times (e.g. from 2-3 years to 5-6 
years in ground contact) by any means (Lahiry 1995a). 
The CCA salt treated bamboo has been used in India 
as exterior claddings and as roofing support for over 33 
years (Kumar and Dobriyal 1988). Such long service 
life has not been reported when used in ground and 
water (Lahiry 1995a). Effective CCA treatment of bamboo 
depends on penetratability, retainability, and leachability 
of CCA. Most of the research studies on preservation 
of bamboos have been conducted, in India by Purushotham 
(1963), Singh (1976), Singh and Tewari (1979, 1981), 
Liese (1980), Tewari (1981), Kumar and Dobriyal (1988), 
Choudhury (1993), and in Indonesia by Sultoni (1985, 
1988). In Bangladesh the researches on preservative 
treatment of bamboos have been carried out by Salehuddin 
(1985), Latif et al (1987), Lahiry (1994, 1995a, b,c, 
1996, 1997) and Lahiry et al (1996). The CCA treatability 
and grades of treatment by full cell pressure method at 


during pressure treatment have been reported (Lahiry 
1994, 1995a, b, 1996, 1997; Lahiry et al 1996). The 
CCA leachability of these bamboo species and others 
has not been reported earlier. The leachability of CCA 
treated green African mountain bamboo (Amndinaria 
alpina) have been reported (Slob et al 1989). The leaching 
tests carried out by them on CCA impregnated bamboo 
by Boucherie method, revealed that an average of 15% 
Cu, 17% Cr and 34% As could be removed by submerging 
2 cm bamboo rings in water. A good fixation is possible 
when sufficiently high (5-10%) concentrations of CCA 
are used, fixation is mainly the result of formation of 
Cu-Cr-As complexes in the vascular bundles, in sawdust 
of bamboo the fixation takes place through the formation 
of CCA complexes with the bamboo constituents— 
cellulose and lignin, in this process, fixation of chromium 
onto cellulose and lignin is the key step (Slob et al 
1989). 

It is an attempt to study the leachability of CCA-C 
treated three major bamboo species of Bangladesh after 
slow air-drying the CCA-C treated bamboo for six months 
under cover for the environmental safety and effectiveness 
of CCA treated bamboo in ground and water contact 
use. 

2. Materials and methods 

The dry borak bamboo {Bambusa balcooa Roxb.), baija 
bamboo {B. vulgaris Schrad. ex Wendle.) and muli 
bamboo (Melocanna baccifera (Roxb.) Kurz.), full cell 
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facilities, the leachability test was carried out by the 
method developed by the author with partial modification 
of AWPA Standard (AWPA Standard Ell 1987). About 
equal weight of treated bamboo blocks (10 g± 0-75 at 
14-15% MC, table 1) from internode was taken and 
dipped in 100 ml of ordinary tap water for leaching of 
CCA-C. The leachate was analyzed each after 24 h, 
continuously for 7 days, and at the end of 15th day 
(table 1). Before each analysis, the block of bamboo 
was agitated in water for 15 min with the help of 
magnetic stirrer. Every assay/analysis of leachate was 
compared with control blank water to find out the actual 
leaching in same continuous 100 ml of water used from 
the beginning to end of all tests. Before and after 
leaching, the level of internodal retention (w/w% = wt. 
to wt.% and w/v) of bamboo was found out by analysis 
(table 1). The preleaching retention was determined from 
different bamboo blocks of original bamboo. 

For weight measurement, an analytical optical balance 
(Mettler H35AR) was used. Moisture content (MC) of 
bamboos was measured with a calibrated resistance type 
digital moisture meter (Delmhorst). All the analyses 
(retention and concentration of leachate) were carried 
out spectroscopically with an X-ray ASOMA analyzer 
(model 8620) following standard method (AWPA 
Standard A9 1990). The chemical balance of indi¬ 
vidual component of CCA-C was determined from all 
analyses. 

3. Results and discussion 

The results of leaching of CCA-C from three bamboo 
species have been presented in table 1 and discussed as 
follows. 

3.1 Leaching time and causes 

The present method of leachability tests reveals that 
leaching of CCA-C only occurs in first week in all three 
bamboo species and shows no leaching in next week. 
It was observed that after completion of initial leaching 
of CCA-C from all types of bamboos, leachates (100 ml 
tap water with bamboo block) were straw in colour and 
gelatinous in nature. The same gelatinous nature was 
also observed in water dipped with untreated bamboo 
blocks which indicates that the initial leaching only 
occurs due to presence of nonfixative type of substances 
e.g. water soluble stai’ches, extractives etc in bamboo, 
as reported possible in timber by Pizzi et al (1986). 
Use of low concentration of CCA-C and release of 
particle form of CCA-C due to exposure of bamboo 
blocks by cutting might be the secondary causes of 
leaching. Due to slow drying of full cell pressure treated 


not be significant if CCA-C treated intact bamboo is 
used in ground or water, because in such conditions the 
most leaching areas of bamboo piece will not be exposed 
compared to the test sample. Several years will be 
required for the completion of initial leaching. 

3.2 Leaching amount and characteristics 

The leachability test from bamboo block permits leaching 
of CCA-C components preferably from surfaces rather 
than inner most or central portion where leaching may 
not occur at all. Moreover different anatomical structure 
of different bamboo species responsible to release di¬ 
fferential amount of CCA-C e.g. the texture of M. 
baccifera is rather fine. Due to these phenomena of 
leaching, the different results reflected in leachate and 
post leaching retention. As such the leaching characte¬ 
ristics of individual component of CCA-C have been 
analyzed (discussed) separately as follows. 

3.2a From retention: The chemical balances of CCA-C 
before and after leaching was found within the limit of 
CCA type (AWPA Standard P5 1991) in all bamboo 
species with the marginal insignificant exception in As^Oj 
in B. balcooa and M. baccifera, where the corresponding 
balances were found as 27-91% and 29-66% after leaching 
(30% is minimum normal). But the leachate showed 
different results. 

3.2b From leachate: The obtained average chemical 
balance of leachate in three bamboo species were 64-95% 
Cr 03 , 16-73% CuO and 18-32% ASjO^ (equivalent to 
CCA type A) against expected normal CCA-C type of 
44-5-50-5% Cr 03 , 17-21% CuO and 30-38% 

(AWPA Standard P5 1991). This imbalance in leachate 
is the indication of higher initial leaching of CrOj rather 
than CuO and ASjOj. Since the leaching of CCA-C was 
stopped in second week, the necessary key step for 
fixation of chromium onto cellulose and lignin is not 
significant here as reported earlier in A. alpina by Slob 
et al (1989). Slob et al (1989) reported that good fixation 
is possible when sufficiently high (5-10%) concentration 
of CCA are used. In the present study, good fixation 
was obtained with low (2-3%) concentration of CCA, 
because the treated bamboo was dried slowly for six 
months. 

3.3 Fixation time 

Slow fixation of CCA treated bamboo was found effective 
but too long to follow. Accelerated fixation process of 
CCA treated bamboo by higher temperature, as reported 
for timbers (Cooper and Ung 1992; Artymko and Cooper 
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3.4 Removal of extractives 

During post treatment weathering or immersion in water, 
the extractives may be removed enough as reported 
possible in sundri wood (Heritiera fames) by Lahiry 
(1994). Leachability of CCA treated bamboo-treated at 
green vs at kiln-dried vs at weathered and air-dried 
conditions require to be found out, because presence of 
water soluble extractives in timber may enhance leaching 
as reported by Pizzi et al (1986). 

4. Conclusion 

The slow fixation of CCA-C treated three major bamboo 
species of Bangladesh at low concentration was found 
significantly effective for ground and water contact use 
compared to higher concentrations reported earlier for 
other species. CCA treated bamboo shall have to be 
dried slowly for proper fixation before outdoor use. 
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